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Abstract 
The hard disk drive industry is a market with around 25 billion revenue each year. The 
annual average areal density growth rate is about 40% before 2012. With cloud computing 
and storage technology emerge, hard disk drives with high area density and low price are 
required. However, the areal density of current perpendicular magnetic recording 
technology tends to saturate at 1 Tb/in2. Therefore, new technologies like Heat Assisted 
Magnetic Recording (HAMR) are needed. On the other hand, the Solid State Drive (SSD) 
has developed quickly as another candidate for high density and high speed information 
media which makes this situation urgent. In this thesis, micromagnetic simulations of 
HAMR media are conducted based on the renormalized Landau-Lifshitz-Gilbert (LLG) 
method. L10 FePt is one promising recording media candidate for HAMR. The transition 
noise and transition jitter are calculated through magnetic recording simulation accelerated 
by GPU parallel computing. Thermal fluctuations and Curie temperature variance are 
verified to be two import noise sources for FePt recording media besides the grain size 
distribution and anisotropy variance. A more easily implemented method called thermal 
switching probability distribution (SPD) is proposed. It can provide two important factors 
for evaluating the recording performance: 𝜎𝑆𝑃𝐷  and write temperature. Under a certain 
fabrication technology (certain average grain size), the transition jitter can be estimated by 
𝜎𝑆𝑃𝐷 . Furthermore, the grain volume dependence of 𝜎𝑆𝑃𝐷  and write temperature are 
investigated. The dependence follows 1 𝑉⁄  and 1 √𝑉⁄  power law respectively. This 
knowledge greatly helps the noise analysis and new media design. To mitigate the noise 
from thermal fluctuations and Curie temperature variance, a new composite media design 
  iv 
based on a bilayer structure with two different Curie temperatures is proposed. The 
substantial anisotropy of the write layer differentiates this design with respect to previous 
work. This ensures that the composite structure has small transition noise and high areal 
density. The user density can reach 3.4 Tb/in2 under traditional recording and 4.7 Tb/in2 
with shingled magnetic recording (SMR) technology. The interlayer exchange coupling 
effects are found to affect the energy barrier during the dynamic recording process. Both 
the thermal effects and write temperature can be tuned by optimizing the interlayer 
exchange coupling effects. Further research verified that this is due to the linear 
temperature dependence of energy barrier at temperatures close to Curie temperature. More 
research need to be done to offer a good explanation of the high areal density achieved by 
PMR-ECC-like structure for HAMR. Possible directions include the effective field 
temperature gradient and switching speed during the recording process as the temperature 
changes. 
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Chapter 1  
Introduction 
 
 
Electronic information storage has been attracted people’s attention since the first computer 
named Electronic Numerical Integrator And Computer (ENIAC) was made in 1946. 
Because the calculation process always creates data which needs to be stored for future 
retrieving. As early as 1956, 10 years after ENIAC appeared, International Business 
Machines (IBM) created the first general-purpose commercial computer (RAMAC) to 
feature magnetic disk storage. The system’s magnetic disk memory unit had storage 
capacity of 5 megabytes with 1200 revolutions per minute. Beginning in the late 1960s, the 
Internet began to enter people’s life. The connection via TCP/IP created a huge amount of 
data. The demand for high density information storage devices expanded greatly. The hard 
disk drive (HDD) met this demand and became a commercialized magnetic storage 
industry. Based on market statistics, in Q3 of 2016, the shipment of hard disk devices 
reached as high as 115 million units. In 2016, the HDD industry had a history of over 60 
years. Today, cloud computing and storage have entered Big Data. This technology will 
also act as brains for the artificial intelligence of the future. On the other hand, the internet 
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creates more data than ever before which requires companies, like Facebook, Google and 
Amazon, to build data centers. However, both the cost and areal density of HDD tend to 
saturate with increasing demands for suitable storage devices. Furthermore, in 2015, the 
Solid State Drive (SSD) begin to play a role in storage media for mobile devices like 
personal computers (PCs), tablet and cell phones. It would be no exaggeration to say that 
the hard disk industry is experiencing one of the most challenging situations. The future 
goal of HDD is to further increase areal density and decrease cost. 
 
1.1 Current HDD Industry 
Figure 1.1 shows the product performance and development history of HDD industry. The 
figure on the top left shows the $/Gbpsi versus time. The “Gbpsi” stands for Gb per square 
inch. This evaluation parameter describes the cost of information storage. By increasing 
the number of hard disk drives, the storage capacity can be increased. At the same time, 
the areal density also need to be improved by new technology and process development. 
By striking a balance between these two factors, the cost per bit needs to be considered. 
After so many years of product development, the cost per bit tends to saturate around 
0.05/Gbpsi. The other figure shows that there are a tremendous number of inventions and 
techniques which have contributed to increasing the areal density. This ensures the fast 
growth of the HDD industry. From year 1956 to year 2007, the annually average growth 
rate of HDD areal density is about 60%. In 2007, the Nobel Prize in Physics was awarded 
to the Giant Magnetoresistance (GMR). It achieved great success in the HDD industry by 
improving the signal sensitivity in high areal density storage. In 2005, the HDD industry 
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was experiencing a transition from longitudinal magnetic recording (LMR) to 
perpendicular magnetic recording (PMR). With the help of GMR, PMR, exchange coupled 
media (ECC) and shingled magnetic recording (SMR), the annual average growth rate of 
areal density has maintained 40% since 2007. After 2010, the annual average growth rate 
has slowed down and the areal density tends to saturated around 1 Tb/in2.  
 
 
Fig. 1.1 The evolution of product performance and development history of HDD industry 
 
 
As we have talked about, with the development of cloud storage and cloud computing, data 
centers have been built to meet the requirement of data storage from the internet company. 
For example, the Google cloud provides cloud storage services. The Amazon Web Services 
(AWS) provides cloud computing services. The Cloud concept starts to change our life. 
The cost of data centers mainly focus on two aspects. One counts on the evaluation 
parameter $/Gbpsi mentioned above. The other one is the power efficiency. Each data 
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center will have thousands of hard disk drives, the electricity charges represent part of the 
cost of operation. The main reason that HDD occupies the cloud storage market (stores 
90% of the information in today’s data center) is the outstanding performance in $/Gbpsi. 
Companies like Seagate and WD are two HDD providers of cloud storage solutions. 
Recently, the Solid State Drive (SSD) developed quickly due to fast data processing speed 
and high density comparable to the HDD. The “hot” data which need to be transferred 
frequently through Internet to local devices are stored in the SSD. Figure 1.2 shows the 
comparison of areal density of SDD and HDD over recent years. 
 
 
Fig. 1.2 The comparison of areal density of SDD and HDD over years. 
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Figure 1.2 shows that both the areal density of SSD and HDD tend to saturate. The areal 
density of SSD starts to catch up with that of HDD after 2015. To date, in terms of $/Gbpsi, 
the HDD still outperforms the SDD products. Inspired by the potential market brought by 
SSD, in 2016, Seagate released the world largest SSD product with surprising storage 
capacity of 60 TB. In 2015, Western Digital acquired SandDisk who is a global leader of 
flash memory (SSD) storage solutions. Seagate also take a step forward to integrate SSD 
and HDD together by creating hybrid drives. This hybrid drives, which offers high data 
storage/retrieving speed and low-cost high storage capacity, can make use of advantages 
of SSD and HDD separately. It has been commercialized and put into market. 
Being limited by areal density saturation of current HDD technology, facing the challenges 
brought by SSD products and increasing demands of low-cost higher areal density from 
cloud storage and computing, new technology is needed for the HDD industry. Heat 
Assisted Magnetic Recording (HAMR) is taken as the most promising technology that can 
bring light to the HDD industry. Based on the roadmap (Figure 1.3) presented by Advanced 
Storage Technology Consortium (ASTC), the areal density of HAMR-based HDD 
technology will reach 2 Tb/in2 in around 2019. The areal density growth rate can reach 
30% with the new magnetic recording technology such as HAMR, Bit Patterned Magnetic 
Recording (BPMR) and Heated Dot Magnetic Recording (HDMR). The shingled magnetic 
recording (SMR) allows the recorded track width to be smaller than the recording head 
width. If there are certain overlaps for two adjacent tracks, the information can still be 
accurately recorded. To avoid the effects from adjacent tracks, two dimensional magnetic 
recording (TDMR) needs to be implemented. Both TDMR and SMR technology can 
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further increase the areal density of the current PMR product. The rest of this chapter focus 
on several important parts of the magnetic recording technology and its development. 
Firstly, the transition from longitudinal magnetic recording (LMR) to perpendicular 
magnetic recording (PMR) is summarized. Then, the well-known exchanged coupled 
composite media (ECC media) for perpendicular magnetic recording is summarized. 
 
 
Fig. 1.3 Areal density roadmap of hard disk drive presented by Advanced Storage 
Technology (ASTC). 
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1.2 From LMR to PMR 
Perpendicular magnetic recording (PMR) can provide higher recording density with low 
cost and good stability than longitudinal magnetic recording (LMR). Therefore, the 
magnetic recording technology transferred from longitudinal magnetic recording to 
perpendicular magnetic recording in around 2005. The implementation of a monopole 
head, the soft under layer (SUL) and development of a CoCrPt media fabrication process 
contributed to this successful technology evolution. Figure 1.4 shows the configuration of 
a perpendicular magnetic recording media. 
 
 
Fig. 1.4 The configuration of PMR media with a single storage layer marked as oxide-
segregated magnetic layers. The carbon over coat layer is used for protecting the head-disk 
interface. 
 
Fig. 1.5 (a) and (b) aim to show the differences between longitudinal magnetic recording 
and perpendicular magnetic recording. The big difference lies in the direction of the 
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magnetized spins after the information is stored. For longitudinal magnetic recording, the 
magnetization aligns in-plane direction. However, for perpendicular magnetic recording, 
the magnetization is perpendicular to in-plane direction. 
 
 
Fig. 1.5 (a) Schematic view of LMR recording system 
 
Fig. 1.5 (b) Schematic view of PMR recording system 
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The recording material of either perpendicular magnetic recording or longitudinal magnetic 
recording can be permanently magnetized, which allows the information to be stored 
magnetically. To meet the requirement of magnetization direction in longitudinal magnetic 
recording, the “ring” recording head which is basically an electromagnet with a gap is used. 
It needs to be located near the media. For perpendicular magnetic recording, the 
magnetization direction requirement is solved by forming a close loop of magnetic flux 
through the monopole recording head, magnetic storage media and the soft under-layer 
(SUL). The closed loop helps stabilizing the information that has been magnetically stored 
and strengthening the read back signals. Generally, the soft under layer tends to have large 
magnetization. The monopole recording head include a tip pole and a return pole. The 
magnetic field is intense in the short gap between the pole tip and soft under-layer. This 
helps increase the achieved magnetic field magnitude which may allow the further decrease 
of the grain size.  
In the history of magnetic recording, new technologies pushed this industry forward. The 
areal density is increased with decreased price of magnetic storage devices. The magnetic 
recording technology has maintained its prosperity since 1956. In the years before 2003, 
perpendicular magnetic recording technique (PMR) encountered the magnetic recording 
trilemma with continuously increasing areal density. “Trilemma” means three conflicting 
requirements [1] including the media SNR, thermal stability and write-ability shown in 
figure 1.6. Here, cH  is the switching field or coercivity field. headH  is the magnetic field 
provided by magnetic poles of the recording head. The SNR is the signal-to-noise ratio. N 
is the number of grains per bit. uK  is the anisotropy. V is the grain volume of the media. 
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Bk  is the Boltzmann constant. T is the temperature at which the information is stored. 
Higher recording density requires smaller bits. To maintain reasonable SNR, the grain 
volume V should be smaller if N represents a sufficient number of grains. However, this 
will deteriorate the thermal stability defined by TKVK Bu . For instance, if the stored 
information is required to be stable for 10 years, this ratio should be larger than 60. 
Therefore, to further improve the areal density, the anisotropy  needs to be increased. 
But this increase will induce higher  which makes write-ability worse. The maximum 
magnetic field that can be achieved by magnetic recording head is limited by the material. 
Therefore, this trilemma limits further increase of magnetic recording density. 
 
 
Fig. 1.6 The magnetic recording trilemma for magnetic recording media design. 
 
 
uK
cH
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1.3 Exchanged Coupled Composite Media for PMR: ECC 
Based on the history of magnetic recording industry, many advances can be regarded as 
different approaches to breaking the trilemma or resolving the contradictions within these 
three requirements. The exchanged coupled composite media (ECC media) with a 
magnetically hard and soft layer was the breakthrough made for perpendicular magnetic 
recording. The ECC media breaks the magnetic recording trilemma by substantially 
decreasing the switching field, which is mainly determined by the anisotropy of the hard 
layer, of the composite media. In other words, the ECC media yields a significant increase 
of maximum switchable anisotropy for a fixed applied field. This will greatly enhance the 
energy barrier to thermal fluctuations. This also means that the grain size reduction is 
possible with higher anisotropy. Hence it results in areal density improvement.  
To better analytically describe the total effects from switching field and energy barrier, the 
definition of ratio VHME ss 2  aims to separate thermal stability and write-ability. 
Bigger ratio means higher recording density. E  is the energy barrier to thermal 
fluctuations. sH  is the switching field which is the magnetic field necessary to switch the 
magnetization. In the history of perpendicular magnetic recording, new media designs tried 
to follow the essence of the   definition which is the consideration that thermal stability 
and write-ability relate to two different processes. One is the recording process. The other 
is the storage issue. The media design principle aims to decrease the switching field while 
maintaining thermal stability. In around 2003, two groups proposed the idea of tilted media 
where the easy axis points at 4  to the perpendicular direction [2] [3]. The tilted media 
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has lower switching field with increased anisotropy. Ideally for a single grain with 
perpendicular easy axis, the ratio   has value of one. By using tilted media, it is increased 
to two. However, the impractical fabrication process limited the further development of 
tilted media. In early 2004, about one year later after the tilted media was proposed, both 
Victora’s group and Suess’s group proposed the exchanged coupled composite media for 
perpendicular magnetic recording independently [4] [5] [7]. Shen and Wang’s group did 
the first experiment demonstration at the same time. [6] Figure 1.7 shows the design 
concept of exchange coupled composite media [4]. It was proposed for 1 Tb/in2 
perpendicular magnetic recording. 
 
 
Fig 1.7 shows the version proposed by Victora and Shen. The left one is the two spin model. 
The right one is the discretized model for micromagnetic simulation. 
 
The exchanged coupled composite media consists of magnetically soft (low anisotropy) 
and hard (high anisotropy) materials. The magnetically hard layer with high anisotropy 
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provides good thermal stability which also means a large energy barrier E . When the soft 
layer experiences the reversible switching under applied magnetic field, the quantum 
mechanical exchange coupling between these two layers exerts a magnetic torque to the 
magnetic spin of the hard layer. Therefore, the soft layer assists the switching of the hard 
layer which decreases the switching field of the composite media. Therefore, the composite 
media is predicted to increase the ratio  . The switching field reduction of hard/soft layer 
was firstly found by Aharoni who tried to find a mechanism to explain Brown’s paradox 
[8]. He found that the switching field can be decreased by 4 times for an abrupt anisotropy 
field change at the hard/soft interface and a further switching field reduction for a structure 
with linearly decreasing anisotropy field [4]. 
In 2008, Victora and Shen reviewed the previous work about the exchange coupled 
composite media since it was firstly proposed in 2004 [4]. In this review, the optimization 
of the composite media was investigated. It involves carefully chosen ratio hshsss tMtM /  
where ssM and shM are magnetization of soft and hard layers. st  and ht  are thickness of 
both layers. Bigger ratio of hshsss tMtM /  tends to offer bigger value of  . The ratio of 
usuh KK /  can also affect  . uhK  and usK  are the anisotropy of hard and soft layers. The   
is continuously increased before usuh KK /  reaches 10 times. By using optimal magnetic 
property combinations, the value of   can be increased to two from one. It has also been 
reported that slight intergranular exchange helps cancel magnetostatic fields and increases 
the thermal stability of the media. The switching field calculation shows lower dependence 
of coercivity on applied magnetic field angle with easy axis comparing to Stoner-Wolfarth 
  14 
model (Figure 1.8). This improves the cross-track performance which may increase the 
signal-to-noise ratio (SNR). The optimization of   shows that the thermal stability and 
switching field can be tuned separately. 
 
 
Fig. 1.8 Switching field angular dependence versus applied field angle. 
 
In the 1990s, the exchange spring magnets were investigated. The soft layer with high 
magnetization is exchanged coupled to the hard layer with low magnetization. This work 
was done for permanent magnets. Earlier work also tried to get analytical expression of 
coercivity field [10] [11]. The assumption made was that the thickness of both layers are 
infinite. Based on the continuum theory of micromagnetism shown in Figure 1.9, the 
coercivity field is obtained after complicated mathematic derivation (equation 1.1). The 
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superscripts or subscripts stand for two different phases with different magnetic properties 
including magnetization, anisotropy and exchange constant.  
 
Fig. 1.9 Spin configuration of a domain wall pushed by an applied field against the phase 
boundary. 
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A. Yu. Dobin proposed the domain wall assisted switching mechanism for the PMR 
magnetic recording ECC media (Figure 1.10). The coercivity reduction is due to domain 
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wall motion at the hard/soft interface [12] [13]. This reduction is bad for permanent 
magnetics, but magnetic recording media can benefit from it. 
 
Fig. 1.10 M-H loop and magnetization configuration for hard/soft composite film [12]. 
 
In 2005, Suess proposed a similar argument to show the benefits of the perpendicular 
magnetic recording ECC media based on the domain wall theory and coercivity reduction 
[14] [15]. They called this exchange spring media. Based on their simulation results, the 
energy barrier can be increased by factor of 2. Furthermore, the energy barrier tends to 
decrease with less exchange coupling between soft/hard layers. Regarding low angular 
dependence shown by Victora and Shen, Suess mentioned that the interfacial behavior of 
the exchange spring media is controlled by the domain-wall pinning. Based on the Stoner-
Wohlfarth model, the single-phase media shows strong angular dependence of the 
coercivity. However, for domain-wall pinning, the angular dependence of the coercive field 
follows )cos(/)0()(  cc HH  . If the applied field angle   is from 
0  to 
40 , the 
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deviation of coercivity is less than 5%. When the applied field exceeds the coercive field, 
the domain wall depins from the interface and propagates through the hard layer. 
Since the exchange coupled media was proposed for the perpendicular magnetic recording, 
it has achieved great success in the hard disk industry for the past 12 years. The current 
PMR recording media benefits from the basic principles of the exchange coupled 
composite media. As shown in Figure 1.11, the commercial PMR multilayer media will 
include COC layer, cap layer, exchange coupled layer (ECL), storage layer and SUL. [16] 
 
 
Fig. 1.11 The schematic view of current multilayer media structure for PMR product 
 
The SUL layer is the soft under layer to stabilize the magnetization of storage layer. The 
COC layer is carbon overcoat layer used to protect the cap layer. The thickness of the 
  18 
exchange coupled layer is used for tuning the exchange coupling strength between cap 
layer and storage layer. The optimization of exchange coupling strength is required to 
maximize the performance of the composite media by modifying the switching behavior 
of both layers. The cap layer acts as the magnetically soft layer of the composite media. It 
has low anisotropy. Besides the ECC effects, there exists the CGC effects provided by the 
lateral exchange coupling of the cap layer. The practical way to adjust the CGC effects is 
changing the thickness of the cap layer. It is well known now that the lateral exchange 
coupling in the cap layer will improve the write-ability. However, in turn, the lateral 
exchange tends to increase the cluster size which will deteriorate the signal-to-noise ratio 
(SNR).  
By making use of the exchanged coupled media and many other techniques (optimization) 
at system level, current recording density of perpendicular magnetic recording density 
tends to reach 1 Tb/in2. To date, Western Digital released 12 TB hard disk drive (HDD) 
product by using Helium technology in late 2016. This beats the product (10 TB) released 
by Seagate Technology previously. Seagate Technology plans to get 18 TB HDD drives 
into the market in the next 18 months. 
 
1.4 Summary 
The current HDD industry is overviewed by presenting the challenges and opportunities. 
The technology transition from LMR to PMR is introduced. The magnetic trilemma is 
shown to be an important rule to break when designing new recording media. The basic 
principles, history and success of exchange coupled composite media are summarized. 
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Chapter 2  
Heat Assisted Magnetic Recording 
 
 
Even with exchanged coupled composite media, the areal density of perpendicular 
magnetic recording will likely saturate in 2020. Heat Assisted Magnetic Recording 
(HAMR) is considered as the most promising candidate for the next generation hard disk 
industry. Comparing to exchange coupled composite media, HAMR also tries to break the 
magnetic recording trilemma by reducing the switching field and provide good thermal 
stability. However, the ECC media reduced the switching field by introducing the 
magnetically soft layer. The HAMR technology reduces the switching field of the high 
anisotropy material by a local heating process provided by a laser. 
 
2.1 Heat Assisted Magnetic Recording System Overview 
Figure 2.1 shows the overview of the HAMR system [17]. The development of novel parts 
for HAMR involve the light delivery system, the writer integrated with a near field 
transducer (NFT), a robust head disk interface and high areal density recording media. The 
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other components, like the slider’s fabrication, the air bearing system and the 
magnetoresistive reader are similar to those used for current PMR product. 
 
 
Fig. 2.1 Schematic overview of HAMR recording system 
 
Being different from perpendicular magnetic recording, HAMR needs the laser to provide 
heat and magnetic field to encode the information “1” and “0”. For HAMR, the bit size is 
limited by the spot size created by laser on the media. However, there exists the diffraction 
limit which limits further increase of areal density. The diffraction limit of a focusing lens 
can be calculated by equation (2.1). 
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NA
d
51.0
                                                                                                                       (2.1) 
 
Here,   is the wavelength and NA is the numerical aperture of the light at the location of 
focusing lens. The resulting spot size is evaluated by d. For example, even we use the laser 
in today’s DVD Blue-Ray with wavelength of 405 nm and NA of the focusing objective of 
0.85. The corresponding spot size is around 240 nm. It is impossible for such a system to 
achieve areal density higher than 1 Tb/in2. A 30nm~60nm bit size along cross track 
direction is needed. One reasonable assumption when considering the bit size is that 
magnetic field distribution region is much larger than temperature distribution generated 
by NFT on the media. This means the spot size generated by the laser on the media should 
be around 30 nm ~ 60nm. The surface plasmon can offer helps here. 
 
 
 
Fig. 2.2 Schematic view of the concept of surface plasma effects [Wikipedia]. 
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A lot of work have been done based on the surface plasmon effects which can break the 
diffraction limit and provide narrow spot size. Figure 2.2 shows the concept of the surface 
plasmon. We can understand this effect by imagining that there is AC current at the metal 
surface. The current design of NFT is similar to the one proposed in reference [18]. They 
use a gold disk with a peg close to the media. A planar solid immersion mirror with dual 
grating is used to focus light (waveguide mode) on the NFT. The peg generated small spot 
size on the media. The general structure of a planar solid immersion mirror and NFT is 
shown in Figure 2.3. 
 
   
Fig. 2.3 A planar immersion mirror and Au disk NFT. The right one shows the TEM image 
of the fabricated NFT and zoom-in peg. 
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2.2 Heat Assisted Magnetic Recording Process 
The areal density can be increased by decreasing the average grain size of the recording 
grains. To main the stability of the recorded information, the magnetic anisotropy should 
be increased to maintain the product of VKu . For example, L10 phase FePt is a potential 
candidate for the magnetic recording material which has high anisotropy (
37 /10~ cmerg ) 
and potentially small grain size. To reduce the switching field to improve the write-ability, 
the locally heating process is provided by the near-field transducer (NFT). The general 
write process of HAMR is shown in Figure 2.4 [17]. 
 
 
Fig. 2.4 Heat assisted magnetic recording write process. 
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The recording media is first heated to the write temperature where the switching field 
(coercivity) is low and available head field is higher than the switching field. The 
information is recorded into the recording media at the write temperature. Then the 
temperature is cooled to storage temperature while maintaining the direction of applied 
magnetic field. Certain direction of the applied magnetic field corresponds to specific 
information represented by "1"s or "0"s. When the temperature is below the storage 
temperature, the write process finishes. At room temperature, the information will be stable 
due to high anisotropy provided by recording materials like FePt. Therefore, the magnetic 
trilemma is broken by the heating process mentioned above. Figure 2.5 shows a 
quadrilemma proposed for HAMR in reference [19]. 
 
 
Fig. 2.5 Schematic of the “quadrilemma” of magnetic recording. μ  is magnetic 
permeability and the other definitions are same with those in trilemma. 
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2.3 Noise Sources for HAMR 
Usually, the writing happens at an elevated temperature which is close to the Curie 
temperature of the recording media. The magnetization sM  and anisotropy uK  have small 
values at the high temperatures. Thus, we get low Zeeman energy TkHVM Bs /  and bad 
thermal stability TkVK Bu / . These two terms together result in low energy barrier. 
Therefore, both the thermal fluctuation and Curie temperature variance cT  can greatly 
affect the recording performance.  
 
 
Fig. 2.6 Possible noise sources for heat assisted magnetic recording [20] [21]. 
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Generally, HAMR is still a type of perpendicular magnetic recording technology. 
Therefore, anisotropy variance kH  and grain size distribution existing in current HDD 
media can also contribute to the total noise of HAMR. The difference is that thermal 
fluctuation and Tc variance are two new noise sources which are pertinent to HAMR 
media. Figure 2.6 shows the overview of noise sources of HAMR media. The total noise 
in magnetic recording include transition noise and remanence noise. One useful parameter 
which can evaluate the transition noise is called transition jitter [22] [23] [24] [25]. 
Grain size distribution is induced by variance during the fabrication process and surface 
shape variance of single crystal structure in thin film. At elevated write temperature, the 
energy barrier under applied magnetic field tends to be low. It is comparable to thermal 
fluctuations. Therefore, the thermal fluctuation field can cause the magnetic spin direction 
opposing the correct direction defined by the applied magnetic field. Therefore, this will 
introduce noise and increase the bit error rate. In other words, the ultimate recording 
density is limited by the thermal stability of the recording grains during the dynamic 
writing process. Similar arguments about the thermal fluctuation and quantitative 
description of bit error rate and areal density can be found in reference [26]. The anisotropy 
variance here means the intrinsic anisotropy variance. The essence of anisotropy variance 
is investigated by researchers from HGST (Hitachi Global Storage Technologies). The 
paper [27] describes the effects from kH  variance using switching field distribution (SFD: 
one important parameter for media characterization in perpendicular magnetic recording 
technology). The current understanding of Curie temperature variance is due to the 
chemical and magnetic ordering. Papers [28] [29] discussed the grain-size dependence of 
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Curie temperature. The size dependence results are shown in Figure 2.7. The dashed line 
is a guide to the eye and the solid lines are made by fitting the data. Therefore, the figure 
tells that the grain size distribution induces the Tc variance cT  [30]. 
 
 
Fig. 2.7 The dependence of Curie temperature on grain size. 
 
In summary, all these four noise sources can broaden the transition width which will 
degrades the areal density. However, few investigations have been done to quantitatively 
analysis the effects from these four different noise sources on the media noise (transition 
noise or remanence noise). In terms of kH  variance kH  and cT  variance cT , H. Li and 
J. Zhu from CMU published the paper that shows the domination of cT  variance over kH  
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variance. However, further comparisons of the effects from these four noise sources and 
investigations on the relationship among noise sources are still needed. 
 
2.4 Heat Assisted Magnetic Recording Media 
Traditional Heat-assisted magnetic recording uses a single recording layer with other 
functional layers. HAMR usually requires recording material with high anisotropy. The 
fabrication process requires high processing temperature. However, high temperature 
favors grain size growth and bad microstructure (grain size distribution). This challenges 
the media fabrication process. The potential materials for HAMR are listed in Table 2.1. 
 
Table 2.1 List of properties of high anisotropy magnetic material. [31] 
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Figure 2.8 shows one example of the multilayer recording media and the TEM image of a 
recording layer made by L10 FePt. The firstly reported L10 FePt media is shown in 
references [32] [33]. The improvements of recording media focus on the microstructure, 
magnetic properties, thermal stack design and media mechanical performance. These 
aspects are related to possible noise sources such as grain size distribution, anisotropy 
distribution, Curie temperature variance and thermal fluctuation [34] [35] [36]. 
 
 
Fig. 2.8 The multilayer structure of traditional HAMR media and the TEM image of the 
recording layer made by L10 phase FePt. 
 
As we have already known, the Curie temperature variance is caused by chemical ordering 
and grain size distribution. The grain size distribution and Curie temperature variance are 
the ones we want to control or evaluate during fabrication process. Therefore, extraction 
of these information is important. X-ray diffraction and transmission electron microscopy 
can offer grain size distribution information shown in reference [37]. In terms of the Curie 
temperature variance, a newly-developed temperature-dependent complex ac susceptibility 
method is used to extract cT  information [38]. 
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2.5 Summary 
To summarize, the challenges that HAMR systems are facing include developing efficient 
and robust optical near field transducer (NFT) and designing low noise high-anisotropy 
magnetic media. The current challenge of the near field transducer will be the reliability, 
robustness and power delivery. On the other hand, for recording media, challenges lie in 
aspects of thermal profile, media quality and noise mechanisms. In terms of the media 
noise, the microstructure, roughness and magnetic properties (distributions) are the 
essential parameters to consider in order to get high areal density. Ideally, the lollipop Au 
NFT can provide high thermal gradient to decrease the noise and narrow track pitch to 
increase the areal density. 
Heat Assisted Magnetic Recording has made important process in the past few years. The 
near field transducer technology and recording media technology are heading to 
commercialization. Based on my opinion, for future optimization of HAMR media, the 
noise mechanism needs to be re-investigated due to the completely different recording 
process occurring in HAMR. New parameters indicating the underlying physics need to be 
derived. Old metrics like the switching field distribution SFD and effective field gradient 
should be modified accordingly. New composite media design can be the next research 
topic about HAMR media. 
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Chapter 3  
Micro-magnetic Simulation 
 
 
Micro-magnetic theory is a commonly used simulation tool for magnetic materials. Some 
of the ideas were first applied to the wall structure between two antiparallel domains by 
Landau and Lifshitz in around 1935 [39]. After Brown published several papers about 
micromagnetic methods in around 1960. He proposed the first complete formulation of the 
micro-magnetic method in reference [40]. Micro-magnetic theory can substitute the 
domain theory used previously. It can describe the evolution of magnetic spins' direction 
with time. Measurements that can’t be achieved experimentally, such as the internal spin 
direction distribution and energy calculation of nano-scale magnetic structures, can be done 
by micromagnetic simulation. The dynamic micro-magnetic method is the Landau–
Lifshitz–Gilbert equation (LLG) equation. The Landau–Lifshitz term shows the magnetic 
procession under effective field including applied magnetic field, exchange field, thermal 
field, anisotropy field and demagnetization field. The Gilbert damping part describes 
ferromagnetic relaxation. The smallest size of one micro-spin is same with the size of one 
elementary computation cell. To ensure the accuracy of simulation, the cell size should be 
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much smaller than the size of domain or domain wall. By using the LLG equation and 
calculated effective field, the micro-magnetic methods provide one of the best 
approximations to the magnetic behavior of magnetic spins. Therefore, we can obtain the 
macroscopic magnetic properties through simulation. With the development of high-speed 
computers, the micro-magnetic method has the capability to simulate the real-size material 
so that the simulation results can be comparable to the realistic situations. The renormalized 
method and parallel computing can further increase the simulation efficiency. 
 
3.1 Landau Lifshitz Gilbert Equation 
As mentioned above, the LLG equation includes the magnetic procession part and energy 
dissipation part. The gyromagnetic ratio and damping constant are two important 
parameters. Detailed information about these two parts will be given in the following 
sections.  
 
3.1.1 The gyromagnetic ratio: free procession 
Based on quantum theory, the magnetic moment M  is proportional to its angular 
momentum L  where   is the gyromagnetic ratio. The magnetic torque can be 
calculated by HMT  . At the same time, Newton's law of motion shows that change 
rate of angular momentum is equal to a torque T , which gives TdtLd / . Simple 
mathematical derivation by eliminating the torque term gives the free procession of 
magnetic spin under effective magnetic field (equation 3.1). 
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HM
dt
Md
                                                                                                              (3.1) 
 
Here, for ferromagnetic materials, the gyromagnetic ratio   is 17.6 MHz/Oe. The free 
procession means that the magnetic spin processes around the direction of effective field 
H  with angular velocity H  . 
 
3.1.2 The Gilbert Damping Constant: Dissipative Forces 
Free procession will be affected by the damping forces under applied field. The magnetic 
spin has the tendency to align with the direction of the magnetic field H . The complete 
LLG expression becomes  
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By using equation (3.2) and , we got another expression of the LLG equation, 
which is more suitable for numerical implementation based on the complete expression of 
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3.1.3 Numerical Implementation 
The equation (3.3) is a system of ordinary differential equations. To solve it numerically, 
the 4th order Runge Kutta method (well-known RK4) is implemented. The initial 
conditions include the magnetization, temperature, the direction of each magnetic spin and 
the applied magnetic field (direction and magnitude). The general expression of RK4 
method is shown in equation (3.4) which is based on ordinary differential equation 
),( tyfy  . The initial condition is 00)( yty  . 
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Here, h is the smallest time step. htt nn 1 . 𝑘𝑖 can be represented by the following 4 
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Under specific initial conditions and time step, y as a function of t can be obtained. Based 
on equation (3.3). M  can be represented by three vectors in spherical coordinates. 
 
)cos()sin( sx MM                                                                                                     (3.9) 
)sin()sin( sy MM                                                                                                   (3.10) 
)cos(sz MM                                                                                                             (3.11) 
Therefore, the time derivative of M  can be written as equation (3.12) 
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Equation (3.13) and (3.14) can be obtained after tedious mathematic derivations based on 
equation (3.3) and (3.12). They are two time evolution expressions for the directions of 
magnetic spins. The magnitude of the magnetization of each spin is assumed to be constant 
at specific temperature. Therefore, if we can predict the correct direction evolution with 
time, we will get the dynamic changes of the magnetic spins based on RK4 method. 
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3.2 Effective field effH  
Based on equation (3.13) and (3.14), the next step is calculating the effective field effH  
before numerically solving the equation. The effective field is a sum of the anisotropy field 
kH , exchange field exH , thermal field 𝐻𝑡ℎ and demagnetization field dH . 𝐻𝑒𝑓𝑓 = 𝐻𝑘 +
𝐻𝑒𝑥 + 𝐻𝑡ℎ + 𝐻𝑑 . The basic mechanisms in magnetic thin films, such as switching 
mechanism under applied magnetic field, are about balancing different energies to 
minimize the total energy until it reaches a local minima. Therefore, the corresponding 
energy terms are also introduced. 
 
3.2.1 Anisotropy Field kH  
The anisotropy field determines the measurement results based on different measuring 
directions. There are several origins of anisotropy energy, including the magneto-
crystalline anisotropy and stress anisotropy. The magneto-crystalline anisotropy includes 
uniaxial anisotropy, shape anisotropy, and cubic anisotropy. The stress anisotropy makes 
contribution when the atomic structure of materials deform. For micro-magnetic simulation 
of magnetic recording materials, only uniaxial and cubic anisotropy will be considered for 
anisotropy field. The uniaxial anisotropy can be calculated by equation (3.15). 
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For L10 FePt media of HAMR, only the uniaxial anisotropy field will be considered based 
on direction of easy axis. The other kind of anisotropy, such as the cubic anisotropy field 
can be calculated by the corresponding energy terms shown as equation (3.16). 
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Where   is the direction cosine functions. The iK  are material and temperature 
dependent. 
 
3.2.2 Exchange Field and Thermal Field 
The exchange field can be calculated by equation (3.17) 
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The second-order derivative in the expression of (3.17) can be approximated in terms of 
the size of computational cell. This is shown as equation (3.18). 
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Here, i, j, k stands for the index of the 3D position of each computational cell. A is the 
exchange stiffness. ∆𝑥, ∆𝑦 𝑎𝑛𝑑 ∆𝑧 represent the cell dimension. 
The thermal field can be calculated following the concept in reference [41]. Equation (3.19) 
shows the expression of field values. It follows Gaussian distribution in 3D space. 
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Here,   is the damping constant.   is the gyromagnetic constant. t  is the time step. Bk  
is the Boltzmann constant. T is the temperature. 
  
3.2.3 Shape Anisotropy and Demagnetization Field 
The calculation of magnetostatic energy and demagnetization field has an important role 
in micromagnetic simulation. The demagnetization field has long-range nature which 
means one magnetic spin is affected by all the other magnetic spins. Assuming the total 
number of magnetic spins is n, the computational cost will be O(n2). However, for 
anisotropy field and exchange field, the computational cost is only O(n). Therefore, most 
of the simulation time will be spent on the demagnetization field calculation. The 
magnetostatic interaction induces the shape anisotropy. The shape anisotropy causes the 
demagnetization field dH  which can be written as equation (3.20). 
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                                                                                                                    (3.20) 
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Here, dN  is a second-order tensor related to shape anisotropy shown by equation (3.21). 
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Here, 4 zzyyxx NNN . Therefore, the general expression for demagnetization field 
is shown as equation (3.22). 
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If we transform (3.22) into Fourier space, the discrete convolution of dN  and M can be 
transferred to a direct product of these two parameters in k space. Details of this 
implementation can be found in reference [42]. The Fourier transform or inverse Fourier 
transform is practical but still time consuming. The parallel computing in CUDA/C based 
on Nvidia graphic architecture can greatly improve the FFT calculation efficiency. Even 
the recording simulation with realistic media dimension becomes possible [43].  
The architectures of GPU and CPU are listed in Figure. 3.1. The CPU has powerful cores 
which can finish complex logic operation with the help from RAM. However, the number 
of cores is limited by CPU architecture. 4~8 cores are commonly implemented in current 
CPUs. This causes the critical efficiency limitation when the system is large. However, the 
GPU has a huge number of computing cores that can finish basic logic operations. This is 
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enough for the fast Fourier transform in 3D space. The huge number of cores greatly 
increases the computational speed. For recording simulation, the recording media 
represented by Voronoi cells is usually discretized into regular shapes, which has been 
described in renormalized method section. This is perfect for parallel implementation. 
 
 
Fig. 3.1 Comparison between CPU and GPU architecture. 
 
3.3 Renormalized Method for HAMR 
Renormalization theory [44] indicates that, for a multi-spin system with exchange coupling 
among spins, larger spin blocks can substitute for several atomistic spins. Therefore, the 
renormalization method can greatly increase the simulation efficiency. This method is 
guaranteed by the fact that the correlation length of spin fluctuations becomes large at high 
temperatures near Tc. A large spin block is called a renormalized cell. The PMR usually 
works at room temperature at which the magnetic properties have less length-scale 
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dependence. However, HAMR usually works at high temperature region at which the 
magnetic properties greatly depend on the length-scale. The atomistic simulation will be 
impractical due to large number of atomistic spins. To represent the HAMR emdia with 
renormalized spins, the magnetic properties need to be re-derived under specific 
renormalized cell size. 
 
 
Fig. 3.2 The atomistic spin are coarsened into renormalized spin. The Voronoi grains are 
used to mimic recording grains. The Voronoi grains including non-magnetic boundary (the 
shaded region) are divided into cubic cells in 3 dimension. 
 
To get the renormalized parameters, a system which is a 6 nm3 cube is used to calculate 
the macroscopic magnetic properties including the average and variance of anisotropy field 
and magnetization. The “average” here means taking statistical average over space and 
time. The atomistic spins use the atomistic magnetic properties without the effects from 
thermal fluctuations. Then the atomistic spins are aggregated into renormalized cubic cells. 
The magnetic properties of renormalized cells are chosen to produce the same macroscopic 
magnetic properties or minimize the difference between atomistic system and renormalized 
system (equation (3.23-3.26)). 
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                                                               (3.23) 
                                                                 (3.24) 
                                                                 (3.25) 
                                                                   (3.26) 
 
The damping constant is calculated by (3.27) following the ideas in reference [46]. 
 
                                     (3.27) 
 
L10 FePt is chosen as the recording media for HAMR. Here, the input of atomistic scale 
magnetic parameters for micromagnetic simulation include Ms=1100 emu/cm
3, 𝐾𝑢 = 7 ×
107 𝑒𝑟𝑔/𝑐𝑚3 , 𝐴𝑒𝑥 = 1.1 × 10
−6 𝑒𝑟𝑔/𝑐𝑚  and time step of 4 ns. Renormalization 
parameters under different temperatures for FePt have been obtained by assuming the 
exchange interaction is isotropic [43].  
However, reference [45] obtained exchange constants in 5 different directions within a 
single lattice structure, which means the L10 FePt has anisotropic exchange stiffness. 
Reference [47] shows the renormalized parameters under the situation of anisotropic 
exchange coupling. Basically, we redo the isotropic process but introducing additional ratio 
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of Axy/Az where “xy” means in-plane direction and “z” stands for easy axis direction. The 
exchange energy can be calculated by the following (3.28). 
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                                                                                                    (3.28) 
 
Here, J is exchange constant. V is the volume of single crystal lattice. “j” stands for all the 
nearest neighbors in five different directions. Equation (3.28) can also be represented by 
 2,2, )()(1 zzexxyxyex SJSJVE   Based on the atomistic value of five different exchange 
constants in reference [45], the analytical derivation shows that 𝐽𝑒𝑥,𝑥𝑦 𝐽𝑒𝑥,𝑧⁄ = 1.32. 
 
 
Fig. 3.3 Renormalized parameters as functions of temperature. Circles are the new results 
based on renormalized anisotropy. Cubic points are from reference [43]. Solid lines shows 
the fitted functions. 
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The micromagnetic simulation provided the temperature profile of magnetic properties 
based on renormalized anisotropy (Figure. 3.3). At high temperature close to Tc, we found 
that the ratio Axy/Az has a peak value at around 640–680 K shown as blue curve in Figure 
3.3 (d). Reference [47] attributes this to thermal fluctuations. At low temperature, the 
simulated ratio matches the analytical values calculated from the continuum theory of 
micromagnetism for <Aex> and Axy/Az [47]. 
Now, we have all the magnetic profiles of renormalized cells under different temperatures 
for both isotropic and anisotropic cases. Therefore, the HAMR dynamic recording process 
can be fully investigated by using these profiles. On the other hand, the renormalization 
method and parallel computing will greatly improve the simulation efficiency. 
 
3.4 Summary 
The history of LLG equation is introduced. The complete expression include the free 
procession part and dissipative part. The calculation process of effective field is 
summarized with corresponding energy terms. The numerical implementation of 
micromagnetic simulation uses RK4 method to get the evolution of magnetic spins with 
time. In the end, for HAMR media, the renormalization method is talked about specifically. 
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Chapter 4  
Media Noise and Thermal Switching Probability 
 
 
The total noise of the HAMR system limits the highest areal density that can be achieved. 
It includes head noise, media noise and head-disk interface noise. The head-disk interface 
noise is mainly from mechanical vibration. Media noise is the parameter that should be 
considered when designing new media structures or optimizing the media. In this chapter, 
transition noise of the media is firstly introduced. Then, one important distribution named 
thermal switching probability distribution is described. To measure transition noise, 
transition jitter is one of the most important parameters for evaluating potential areal 
density of Heat Assisted Magnetic Recording (HAMR). However, it is time consuming to 
obtain either experimentally or through micro-magnetic simulation. Here, we show that the 
more easily calculated thermal switching probability distribution (SPD) can serve as a 
substitute to evaluate transition noise. In particular, we provide an equation relating the 
standard deviation of write temperature to jitter. The equation is verified for three critical 
noise sources: cT  variance, kH  variance and grain size distribution. In addition, the SPD 
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subject to cooling at various cross-track positions is investigated. A method to determine 
the magnetic grain size is proposed. 
 
4.1 Transition Noise and Transition Jitter 
Besides of the total signal-to-noise ratio (SNR), decoupling of two different kinds of SNR, 
transition SNR and remanence SNR, is important in either PMR or HAMR media. To 
calculate transition SNR, the transition noise needs to be calculated. Figure 4.1 shows the 
remanence region and transition region. [48]  
 
 
Fig. 4.1 The equalized signal and corresponding equalized noise. 
 
Here, the transition noise means media transition noise. However, in order to extract it, we 
must get the play-back signal which means there are reader averaging effects. [49] Once 
we got the play back signal, there are several different methods to define the transition 
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region and remanence region. For example, in terms of pseudo random bit sequence PRBS, 
the long bit region is the remanence region. The total noise can be found by subtracting 
different play-back signals from the noise-free one. [50]. Then, the remanence noise can 
be found easily. The transition noise can be obtained by subtracting remanence noise from 
total noise. 
To evaluate transition noise, there is one important parameter called transition jitter. It is 
the standard deviation of zero-crossing locations along down-track direction with unit 
“nm”. One example is shown in Figure 4.2. The transition jitter is calculated based on 
hundreds of transitions in the region enclosed by red rectangle. 
 
 
Fig. 4.2 One recording pattern on HAMR media and the corresponding play-back signal 
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As we have discussed in the previous section, many researchers contribute to the 
development of transition jitter equation. Reference [23] introduce the field gradient and 
field distribution effects. Reference [24] considered the effects from realistic grain size 
distribution. Reference [25] take reader average effects into account. The final complete 
expression for transition jitter is shown as equation (4.1). 
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Here, <D> is the average grain diameter. Bnd is the non-magnetic grain boundary width. 
  is a function of grain size distribution. [24]. RW stands for reader width. cH  is the 
coercivity field. The down track direction is same with x direction. Either for HAMR or 
PMR, thermal fluctuation affects the coercivity. [51] Therefore, the expression in terms of 
coercivity gradient and distribution includes the thermal fluctuation effects shown as 
equation (4.2). 
 
  nBc AtKVTkHtH )ln()/(1)( 0                                                                                 (4.2) 
 
Here, kHH 0 . Anisotropy field kH  is also a function of temperature below the Curie 
temperature. Therefore, the Curie temperature variance cT  can cause cH  variance which 
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will also contribute to the transition jitter. Therefore, two important noises (thermal 
fluctuation and Curie temperature variance) are both considered in equation (4.1). 
 
4.2 Thermal Switching Probability Distribution of FePt 
L10 phase FePt is one of the promising media candidate for Heat Assisted Magnetic 
Recording (HAMR). The media noise during magnetic recording include transition noise 
and remanence noise. As we have already talked about, the noise of FePt media mainly 
derives from kH  variance kH , cT  variance cT , grain size distribution (GSD), and 
thermal fluctuations. [52][53] Several research groups have published results about 
different noise sources of FePt media. [54][55] For example, the dominating effect of cT  
variance and erasure-after-write effects from kH  variance have been examined. [55] The 
thermal switching probability distribution (SPD) has also been examined previously. 
[56][57] The concept is proposed by R. H. Victora and Michael Mallary. These two 
references use similar process to get the relationship between switching probability and 
reverse temperature. The recording media is first heated to peak temperature. Then, a linear 
cooling rate is applied to the media. At the same time, the applied magnetic field remains 
in the upward direction. When the temperature reaches reverse temperature revT , we change 
the direction of the applied field to be downward. Then we continue to decrease the 
temperature to room temperature. At room temperature, the switching status of each grain 
can be known so that we can calculate the switching probability P (or swP ). The curve 
obtained can be treated as error function shown as red curve in Figure 4.3. 
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Fig. 4.3 red curve shows an error function that can describe the relationship between 
switching probability and temperature. Blue curve is the first derivative of switching 
probability  
 
The blue curve is the temperature derivative of the red curve which is a Gaussian 
distribution. This distribution is defined as the switching probability distribution (SPD). 
Two important parameters can be extracted from the blue curve in Figure 4.3. One is the 
average write temperature defined as the one at which switching probability is 50%. The 
other one is the transition width which equals full-width-at-half-maximum FWHM of the 
Gaussian distribution. There is also another simple way to define the transition width which 
is the temperature difference between switching probability with 10% and 90%. 
The micromagnetic simulation uses the LLG (Landau-Lifshitz-Gilbert) equation. The 
renormalized method developed for FePt is implemented with nmnmnm 5.15.15.1   
renormalized cells. [43] In terms of magnetic properties used for FePt, at temperature of 
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300K, 3/920 cmemuM s  , 
37 /102.4 cmergKu   and cmergAex /101.1
6 . The Curie 
temperature cT  of FePt is 700 K. The full-width half-maximum FWHM of SPD is usually 
used to estimate the transition noise. Regarding details the calculation process, the peak 
temperature KTpeak 850 . The linear cooling rate is 100K/ns. The number of recording 
grains on the media is around 400 grains. The grains have no magnetostatic interactions 
(no grain-to-grain interaction). The applied magnetic field is 8000 Oe and canting angle is 
5.22 . The resulting switching probability is shown as the black curve in Figure. 4.4-4.6.  
 
4.3 Effects from cT , kH  and GSD on SPD 
As we have talked in section 4.1, at room temperature, the switching status of each grain 
is collected to get the switching probability swP  as a function of revT . Ideally, )( revsw TP  can 
be treated as an error function. The SPD is the revT  derivative of swP  and often follows a 
Gaussian distribution. [57] The micromagnetic simulation model allows us to investigate 
the effects of different noise sources on SPD independently. Results indicate that the 
calculated SPD curves affected by different variances doesn’t always fit the Gaussian 
distribution well. Further analysis was done and an evaluation method based on the SPD is 
proposed. 
Uniform grains (GSD=0%) with average diameter nmD 0.6  ( 44  renormalized 1.5 
nm cells in x-y plane) were used to investigate the effects from kH . The thickness of the 
FePt layer is 9 nm. Here, x is along down-track direction and y is along cross-track 
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direction. %0cT . We add different kH  variance into the uniform media. Therefore, the 
results in Figure 4.4 show the effects on SPD and )( revesw TP  only from kH  variance. 
Comparing to an error function, the variance mainly affects the swP  at the low temperature 
region. This makes )( revsw TP  deviate from the error function. Therefore, SPD can’t be fitted 
by the Gaussian distribution well. To maintain the nature of Gaussian distribution and 
reveals the skewness of the results, we use an exponentially modified Gaussian distribution 
(EMG) from probability theory. The EMG can capture the correct trend to fit the dTdPsw /  
(SPDs). Its probability density function PDF follows equation (4.3). 
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Here,  ,   and   are parameters of the PDF. “erfc” stands for complementary error 
function. “x” equals temperature. 
    The number of simulation data points at various reversal temperatures is limited. 
Equation (4.3) can offer estimates of SPD , average writing temperature and asymmetry. 
Same as the definitions for ideal case, the average writing temperature wT  is defined as the 
temperature at which dTdPsw /  reaches its peak value. It can be calculated by  1 . The 
standard deviation of write temperature 𝜎SPD is calculated by 
22 /1   . The asymmetry 
of the SPD is evaluated by medianw TT  . medianT  is the temperature at which the switching 
probability is 50%. 
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Fig. 4.4 SPD and )( revsw TP  for FePt with various kH  variance. Here, revTT  . Different 
colors corresponds to different kH . The e1rror function (black curve) is for the )( revsw TP  
of FePt under ideal conditions (GSD=0%, %0kH  and %0cT ). 
 
    The SPD results based on different kH  variance are shown as the colored curves on the 
left part in Fig. 1. )( revsw TP  is the corresponding cumulative distribution function. The kH  
variance rows in Table I shows that kH  variance does not affect the average writing 
temperature. The positive asymmetry values and broadening SPD at lower temperatures 
provide further evidence that the kH  variance’s effects on the SPD mainly falls in the low 
temperature region. This may generate noise in both cross track and down track directions. 
Larger kH  results in larger asymmetry and SPD , which indicates larger noise during the 
recording process. 
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Under different cT  variance of FePt media, the SPDs were calculated (Fig. 4.5) using the 
same uniform grains (GSD=0%) as in Fig. 1, but with %0kH . Both the high and low 
temperature regions are affected by cT . Based on the standard deviation SPD  of the SPD 
in Table I, the effects of cT  on SPD  is larger than those of kH . With 3% cT  variance, 
the SPD  is increased by almost 3 times. According to the “mean” in Table 4.1, the average 
writing temperature is higher with larger cT . The asymmetry is small and can even be 
neglected comparing to SPD . Therefore, the SPD modified by the cT  variance can still fit 
the Gaussian distribution well. Furthermore, larger cT  will reduce the asymmetry of the 
SPD. 
 
 
Fig. 4.5 SPD and )( revsw TP  for FePt with various 𝑇c variance. Different colors corresponds 
to different 𝜎𝑇c. Here, 𝑇 = 𝑇𝑟𝑒𝑣. 
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Table 4.1 evaluation parameters for different noise sources 
  (%) mean (K) 
SPD  (K) asymmetry (K) 
kH  (10%) 677 10.3 3.0 
kH  (20%) 677 16.1 7.0 
kH  (30%) 
678 24.0 9.0 
cT  (1%) 670 13.9 2.6 
cT  (3%) 676 35.7 2.0 
cT  (5%) 682 56.2 1.0 
GSD (10%) 668 9.7 4.0 
GSD (20%) 671 15.0 5.0 
GSD (30%) 673 16.0 6.0 
 
 
We use Voronoi cells to represent the actual recording grains of FePt media instead of the 
uniform grains used in the previous two cases. This allows us to implement different grain 
size distributions to the FePt media. We use the same mapping rule [43] to construct the 3 
dimensional (3D) configuration of the media using Voronoi patterns. The 𝜎𝐻K and 𝜎𝑇c are 
set to zero. The average diameter of Voronoi grains is fixed at 6 nm, which remains 
consistent with those used for the 𝐻K variance and 𝑇c variance cases, but with different 
grain size distribution (GSD). The SPD are calculated for GSD=10%, 20% and 30% (Fig. 
4.6). The GSD only affects the low temperature region with less effect than 𝐻K variance. 
Based on the GSD part in Table 4.1, with bigger GSD, the writing temperature tends to be 
higher and 𝜎SPD is larger. If the variance is smaller than 20%, very similar effects on 𝜎SPD 
are seen from GSD and 𝐻K variance. However, when variance is bigger than 20%, 𝜎SPD 
caused by 𝐻K variance is larger than that of GSD. 
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Fig. 4.6 SPD and 𝑃𝑠𝑤(𝑇rev) for FePt with various GSD. Different colors corresponds to 
different GSD. Here, 𝑇 = 𝑇𝑟𝑒𝑣. 
 
4.4 Relationship between transition noise and 𝜎𝑆𝑃𝐷  
The transition noise is one of the important noise sources to be considered in HAMR 
magnetic recording. 𝜎SPD is considered to be a parameter to estimate the transition noise. 
[56][57][58] The Tc variance is believed to play a more important role than 𝐻𝑘 variance. 
The GSD is also a noise source. To relate the transition noise to the SPD curves, we set up 
a magnetic recording simulation model as described in reference. [43] The media 
dimension is 48 nm along the cross track and 384 nm along the down track. The FePt media 
thickness is 9 nm. We use Voronoi cells to represent the magnetic recording grains. For 
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different 𝐻𝑘 variance and 𝑇𝑐 variance, the grain size distribution is fixed to be 20%. The 
average grain pitch of grains is 6 nm with 1 nm non-magnetic grain boundaries.  
 
Fig. 4.7 The schematic view of the magnetic recording simulation model. The figure on 
top right is the temperature profile generated by NFT. The bottom shows the recording 
patterns gotten by recording simulation. 
 
The magnetic head integrated with near field transducer (NFT) moves with a speed of 
20 m/s. The applied magnetic field is 8000 Oe with uniform distribution on the media. The 
canting angle is 22.5°. The heat profile generated by the NFT can be treated as a 2D 
Gaussian distribution in the media plane. It is shown as equation (4.4). 
 
𝑇(x) = 300 + ∆T × exp (−(𝑥2 + 𝑦2) (2 × 𝛿2)⁄ )                                                        (4.4) 
Here, ∆𝑇 = 550𝐾 and 𝛿 = 17 𝑛𝑚. The top-right figure in Fig. 4.7 shows the top view of 
the in-plane temperature distribution on the recording media. The green line is the track 
center which is also the center line of the temperature profile. 
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By using a magnetoresistive reader with 20 nm reader width and 21 nm shield-to-shield 
distance, the play back signal is obtained for over 200 transitions. The standard deviation 
of zero crossing locations along down track direction is defined as the transition jitter 
(noise). We vary media Tc, 𝐻𝑘  and GSD separately and calculate the transition jitter. 
Figure 4.8 shows the comparison between the calculated transition jitter and 𝜎𝑆𝑃𝐷 in Table 
4.1. 
 
 
Fig. 4.8 The comparison of effects from Tc variance, Hk variance and GSD on transition 
jitter and 𝜎𝑆𝑃𝐷. 
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The transition jitter (left figure in Fig. 4.8) shows that larger 𝐻𝑘 variance, GSD and Tc 
variance causes larger transition jitter (noise). However, the effects from Tc variance is 
more severe than those of 𝐻𝑘 variance and GSD. The transition jitter is increased by 30% 
for 3% Tc variance but only 12% for 20% 𝐻𝑘  variance. This is consistent with the 
conclusion made in the reference. [54] By fitting 9 pairs of (𝜎𝑆𝑃𝐷 , 𝜎𝑗𝑖𝑡𝑡𝑒𝑟), a relationship 
between transition jitter 𝜎𝑗𝑖𝑡𝑡𝑒𝑟 and 𝜎𝑆𝑃𝐷 is found to follow equation (4.5). 
 
𝜎𝑗𝑖𝑡𝑡𝑒𝑟 ≈ 1.83 × 𝜎𝑆𝑃𝐷
0.11 − 1.07                                                                                   (4.5) 
 
Here, 1.07 is around the grain size limit. [58] Therefore, 𝜎𝑆𝑃𝐷 can be used to calculate 
transition jitter of the magnetic recording process. This characterization method is easier 
to be implemented than magnetic recording tests. Furthermore, for HAMR media, the SPD 
can take the role of switching field distribution (SFD) which is widely used in 
characterization of perpendicular magnetic recording (PMR) media. 
 
4.5 SPD in cross-track and down-track direction 
For the simulations of Fig. 4.4-4.6 and Table 4.1, the applied magnetic field changed its 
direction from +?̂? to −?̂? at a specific temperature 𝑇rev. The peak temperature can always 
reach 850K. This cooling process mainly mimics the transition regions (along the green 
line in Fig.4.7) between two adjacent bits with different magnetic polarity. Fig. 4.8 verifies 
that 𝜎𝑆𝑃𝐷 is proportional to transition noise. However, for the recording grains inside each 
recording pattern, the applied field won’t change its direction until the cooling process 
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finishes. Furthermore, the peak temperature that can be reached for grains is different along 
the cross track direction. It will decrease with increasing distance from the track center 
based on top-right insert in Fig. 4.7.  
 
 
Fig. 4.9 The relationship between switching probability and temperature for 𝑇𝑟𝑒𝑣 and 𝑇𝑚. 
The cooling rate for black curves is 250 K/ns. 
 
Therefore, we design another cooling process to investigate the switching probability of 
these grains with lower peak temperature and unchanged magnetic field direction. The 
temperature of FePt media is linearly increased from room temperature to 𝑇m  before 
decreasing. The temperature 𝑇𝑚 is the peak temperature that a recording grain can reach 
during the recording process. The direction of applied magnetic field always aligns with 
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−?̂? direction during the whole process. When the temperature reaches room temperature, 
thermal switching probability is calculated. Then we get 𝑃𝑠𝑤(𝑇𝑚) instead of 𝑃𝑠𝑤(𝑇𝑟𝑒𝑣).  
To make comparison between these two different cooling processes, let 𝑇m = 𝑇rev and the 
linear cooling rate remains 100 K/ns. The actual recording media always has grain size 
distribution. Therefore, we assume GSD=20%. The average grain pitch is 6.0 nm. The 
thermal switching probability is calculated under different 𝑇rev  and 𝑇m . Two different 
cases are considered: one has no Tc variance and 𝐻𝑘 variance and the other one has 3% Tc 
variance and 20% 𝐻𝑘 variance. 
The red curve only includes the effects from thermal fluctuation and GSD. Due to the 
effects from Tc variance and 𝐻𝑘 variance, the FWHM of blue curves turns out to be 2 times 
wider than that of red curves (red curves ~ 32 K and blue curves: ~ 66 K). For both blue 
curve and red curve, the thermal switching probability at 𝑇𝑟𝑒𝑣 is larger than that at 𝑇𝑚. 
Analysis of the cooling processes indicate that, comparing to 𝑇𝑚 case, the recording grains 
experience an additional process from 850 K to 𝑇𝑟𝑒𝑣  before the applied magnetic field 
changes its direction. Even though the magnetic field hasn’t changed its direction, at high 
temperature, the thermal fluctuation can switch the magnetic grains to oppose the direction 
of applied magnetic field. Therefore, the thermal fluctuation of the additional temperature 
region increases the thermal switching probability of 𝑇𝑟𝑒𝑣 curves. To further verify this 
argument, we calculate the thermal switching probability for FePt with 7.5 nm thickness, 
3% Tc variance and 20% 𝐻𝑘 variance. The average volume of recording grains is smaller 
than that of blue (red) curve. Both the thermal stability and Zeeman energy are lower based 
on 𝐾𝑢𝑉 𝑘𝐵𝑇⁄  and 𝐻𝑀𝑠𝑉 𝑘𝐵𝑇⁄ . H is the applied magnetic field. The maximum switching 
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probability of black curves can’t reach 100% due to thermal fluctuation. The difference of 
these two curves become larger unsurprisingly. We believe the difference of these two 
curves becomes smaller with increasing volume of recording grains. Therefore, 𝑇𝑚 may be 
an easier metrology method to characterize the HAMR media without changing the 
direction of the applied magnetic field. Furthermore, these two kinds of curves describe the 
switching probability at transition region and remanence region. The relationship between 
these two curves with DC and AC noise requires further investigation. A decoupling 
method similar to the one in the reference needs to be developed for HAMR. [48] 
To summarize, 𝜎𝑆𝑃𝐷 is verified to be a parameter that can yield the transition jitter (noise) 
of HAMR media. The effects on the switching probability distribution from 𝑇c variance, 
𝐻K variance and grain size distribution are compared under the assumption that they are 
not correlated with each other. 𝑇c  variance is demonstrated to dominate 𝜎𝑆𝑃𝐷 . The 
asymmetry of SPD is mainly caused by 𝐻K variance and GSD. In terms of 𝜎𝑆𝑃𝐷, the order 
of effects, from large to small, are 𝜎𝑇c, 𝜎𝐻K and GSD. In terms of asymmetry, the order of 
effects are 𝜎𝐻K, GSD and 𝜎𝑇c. Both 𝜎𝑆𝑃𝐷 and asymmetry of the SPD should be considered 
to evaluate the noise of HAMR media. The exponentially modified Gaussian distribution 
is demonstrated to represent the switching probability distribution faithfully. 
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4.6 Grain volume dependence of SPD 
L10 FePt is one promising recording media candidate for HAMR as discussed above. The 
effects from all the possible noise sources are investigated in section 4.4 and 4.5. The 
simulations were done for FePt grains with specific average grain volume. However, the 
average grain size and grain volume are both parameters that need to be considered during 
media design and fabrication. Here, we want to know the volume dependence of switching 
probability distribution of FePt grain. To gain more freedom of the volume choice, we 
abandon the renormalized cell with 1.5𝑛𝑚 × 1.5𝑛𝑚 × 1.5𝑛𝑚  size and choose 
renormalized cell size 1.0𝑛𝑚 × 1.0𝑛𝑚 × 1.0𝑛𝑚 . Fig. 4.10 (a) and (b) show the 
temperature profile for the Ms(T) and K(T) at the atomistic scale and at two different 
renormalized scales (1𝑛𝑚 × 1𝑛𝑚 × 1𝑛𝑚 represents new results and 1.5𝑛𝑚 × 1.5𝑛𝑚 ×
1.5𝑛𝑚 is from reference [47]). The new set of parameters is calculated by minimizing the 
difference of magnetic properties between FePt calculated atomistically and calculated 
using renormalized cells [43]. Anisotropic exchange was also used (reference [47]). The 
black curve in Fig. 4.10 (a) represents the function Ms(T) = M0 ∙ (Tc − T)
0.33 fitted to the 
atomistic results.  The black curve in Fig. 4.10 (b) shows the temperature profile K(T) =
K0 ∙ (Tc − T) . Here,  𝑀0 ≈ 136 𝑒𝑚𝑢/𝑐𝑚
3 ,  𝐾0 ≈ 1 × 10
5 𝑒𝑟𝑔/𝑐𝑚3  and 𝑇𝑐 = 710𝐾 . 
Reference [57] suggests that a simple analytical model can accurately describe the 
dependence of the thermal switching probability distribution (SPD) on key parameters such 
as grain volume, applied field strength, damping constant and the cooling rate. It suggests 
that switching under recording conditions can be approximated as one single spin. Both an 
analytical model and simulation are proposed and compared. 
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Fig. 4.10 Renormalized magnetic parameters (magenta cubes and red dots) and 
corresponding atomistic values (blue triangles). Black curves represent functions fitted to 
the atomistic value. 
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For a storage layer with volume V, the total magnetic energy can be calculated by 𝐸𝑡𝑜𝑡 ∕
𝑉 = 𝐾𝑠𝑖𝑛2(𝜃) − 𝐻 ∙ 𝑀 ∙ cos (𝛼 − 𝜃). 𝛼 is the angle between 𝐻 and ?̂? direction. 𝜃 is the 
angle between 𝑀 and ?̂? direction. Two assumptions were made to simplify the analytical 
derivation process: 𝐾 ≫ 𝑀𝑠 ∙ (?⃑? ∙ ?̂?)  and 𝜃 = 0
∘ . The energy barriers that the system 
needs to overcome were calculated: ∆𝐸𝑠𝑤 ∕ 𝑉 = 𝐾(𝑇) − 𝑀𝑠(𝑇) ∙ 𝐻  and ∆𝐸𝑢𝑛𝑠𝑤 ∕ 𝑉 =
𝐾(𝑇) + 𝑀𝑠(𝑇) ∙ 𝐻(more details in [59]). ∆𝐸𝑠𝑤 is the energy barrier if the magnetization 
needs to be switched to align with the applied field. ∆𝐸𝑢𝑛𝑠𝑤 is the energy barrier if the 
magnetization is already aligned with the applied field. The probability of each switch 
becomes: 𝑃𝑠𝑤 = 𝑒
−∆𝐸𝑠𝑤/𝑘𝐵𝑇  and 𝑃𝑢𝑛𝑠𝑤 = 𝑒
−∆𝐸𝑢𝑛𝑠𝑤/𝑘𝐵𝑇 . The probability P of field 
alignment evolves with time as equation (4.6): 
 
dP/dt = A ∙ Psw ∙ (1 − P) − A ∙ Punsw ∙ P                                                                       (4.6) 
 
In equation (4.6), A is the attempt frequency (𝐴~1 × 1010 𝐻𝑧). We can transform the 
temperature profiles of 𝑃𝑠𝑤(𝑃𝑢𝑛𝑠𝑤) to functions of cooling time using equation (4.7): 
 
T = Tpeak − CLR ∙ t                                                                                                         (4.7) 
 
In equation (4.7), T is the temperature when the direction of applied field was reversed. 
CLR stands for the cooling rate (CLR=100 K/ns in the analytical model). Tpeak is the peak 
temperature from which the system’s temperature was cooled linearly. Cooling time t is 
the time taken cooling from 𝑇𝑝𝑒𝑎𝑘 to the field reversal temperature T. 
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We take the switching probability to be an error function of time: 
 
P = a ∙ erf(b ∙ (t − CTM)) + d                                                                                      (4.8) 
 
The first derivative of equation (4.8) is the thermal switching probability distribution 
shown as equation (4.9): 
 
𝑑𝑃 𝑑𝑡⁄ = 2𝑎𝑏/√𝜋 ∙ exp (−𝑏2 ∙ (𝑡 − 𝐶𝑇𝑀)2)                                                               (4.9) 
 
CTM stands for the mean value of cooling time. The second derivative of equation (3) is 
shown as equation (4.10): 
 
𝑑2𝑃 𝑑𝑡2⁄ = 4𝑎𝑏3/√𝜋 ∙ (𝐶𝑇𝑀 − 𝑡) ∙ exp (−𝑏2 ∙ (𝑡 − 𝐶𝑇𝑀)2)                                   (4.10) 
 
Detailed numerical analysis shows that magnetization switching out of the global minimum 
can be neglected, implying that the derivative of equation (4.6) is equation (4.11): 
 
𝑑2𝑃 𝑑𝑡2⁄ = (𝑃𝑠𝑤 + 𝑛(𝑡)) ∙ 𝑉 ∙ (−𝑑𝑃/𝑑𝑡)                                                                    (4.11) 
 
For FePt, 𝑛(𝑡) is shown as (4.12): 
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𝑛(𝑡) = [(1 × 107 − 0.33 × 6.2 × 106 ∙ 𝑡−0.67) ∙ (710 − 100𝑡) + (1 × 107𝑡 − 6.2 ×
106 ∙ 𝑡0.33) ∙ 100 ∙ 𝑉]/(𝑘𝐵 ∙ (Tpeak − CLR ∙ t )
2
)                                                         (4.12) 
 
Based on calculations and plots of 𝑃𝑠𝑤  and equation (4.12), 𝑛(𝑡) ≫ 𝑃𝑠𝑤  is satisfied for 
FePt. Therefore, we neglect 𝑃𝑠𝑤. Plots of  𝑛(𝑡) shows that it can be approximated by a 
linear function L(t). Based on the calculation of FePt, L(t) = 5.538 × 1019 ∙ 𝑡 + 4.523 ×
1019. This yields equation (4.13): 
 
𝑑2𝑃 𝑑𝑡2⁄ = (−𝑑𝑃/𝑑𝑡) ∙ L(t) ∙ V                                                                                  (4.13) 
 
If we combine equation (4.9) and equation (4.13), we obtain equation (4.14): 
 
𝑑2𝑃 𝑑𝑡2⁄ = (−2𝑎𝑏/√𝜋 ∙ exp (−𝑏2 ∙ (𝑡 − 𝐶𝑇𝑀)2)) ∙ L(t) ∙ V                                      (4.14) 
 
Now, we have two different forms of d2P/dt2, namely equation (4.10) and equation (4.14). 
Upon combining equation (4.10) and equation (4.14), we obtain 𝑏2 = (c1 ∙ V + c2)and 
mean cooling time 𝐶𝑇𝑀(𝑉) shown as equation (4.16). Based on the Gaussian distribution 
in equation (4.9), FWHM (full-width-half-maximum) can be calculated by b (shown as 
equation (4.15)). 
 
FWHM = 2.35482/√2 ∙ √(c1 ∙ V + c2) ≈ 508.3/√𝑉                                                 (4.15) 
CTM = 𝑐3/𝑉 + 𝑐4 ≈ 31.41/𝑉 + 1.747                                                                       (4.16) 
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These two functions can apply to general HAMR (heat assisted magnetic recording) 
material if the temperature profile for 𝑀𝑠 and K follows 𝐾(𝑇)/𝐾(0) ∝ [𝑀𝑠(𝑇)/𝑀𝑠(0)]
3. 
As shown by the second terms of equation (4.15) and (4.16), the SPD depends strongly on 
the volume of the FePt grains. 
To verify the analytical results for volume dependence of thermal switching field, a micro-
magnetic simulation model was established. Using renormalized cells, the thermal 
switching probability distribution was calculated for FePt storage layers with different 
volumes. For each calculation, the storage layer was first heated to the peak temperature 
𝑇𝑝𝑒𝑎𝑘 = 850𝐾, then the temperature was decreased linearly with a cooling rate of 100 
K/ns. At specific temperatures, the direction of applied magnetic field was reversed. Then 
the temperature continued decreasing to room temperature (350K). This process was 
repeated 100 times in order to get the switching probability at a specific reversal 
temperature. The standard deviation of the basal area of each grain, i.e., standard deviation 
of volume, was assumed to be zero. The whole procedure was implemented for different 
reversal temperatures. The SPD can be calculated from the P(T). The same process was 
implemented to get the SPD of a single writing layer, single storage layer and composite 
multilayers. The resulting knowledge of the volume dependency of SPD greatly aided the 
design of the composite structure because it allowed us to quickly narrow the scope of our 
micromagnetic search, particularly for variables such as layer thickness. 
Fig. 4.11 shows the calculated SPD (dP/dt) of FePt storage layers with different volumes. 
The applied field is 8000 𝑂𝑒 with canting angle 22.5°, the cooling rate is the same as the 
one used in the analytical model, which is 100 𝐾/𝑛𝑠. The peak temperature is 850 K 
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Fig. 4.11 Different colors and symbols represent FePt storage layers with different 
volumes. It shows the corresponding thermal switching probability distribution 
 
Table 4.2 FWHM and mean under different grain volume 
V (nm3) FWHM (K) Mean (ns) 
36 
 
90 2.629 
48 
 
68 2.385 
64 66.4 
 
2.221 
72 54.3 2.205 
 
96 
 
45 
 
2.1 
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Fig. 12 (a) Mean of cooling time as a function of storage layer volume. Black curve is 
plotted according to the analytical model. The red circles represent the simulation results 
(as shown in Table 4.2). (b) Full width at half maximum (FWHM) as a function of storage 
layer volume. Black curve is plotted according to the analytical model. FWHM=508.3/V0.5. 
The red cubes represent the simulation results (as shown in Table 4.2). 
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The volume dependency of the mean cooling time and the FWHM calculated by simulation 
are shown in Table 4.2. The switching temperature (temperature when 𝑑𝑃/𝑑𝑡  reaches 
minimum) can be calculated based on the cooling time. The analytical model also indicated 
that the FWHM and the cooling time mean value should be a function of volume as shown 
in equation (4.15) and (4.16).  
Fig. 4.12 (a) and Fig. 4.12 (b) show the comparison of the results between the analytical 
model and the simulation using renormalization. The simulated value fitted the functions 
developed by the analytical model well. With increased storage layer volume, the switching 
temperature becomes higher and the FWHM is narrower. According to the results in Fig. 
4.12 (b), the thermal switching probability distribution of a conventional perpendicular 
media with 7 nm diameter grains will have FWHM of 30K if the thickness is 10 nm. Further 
simulation shows that adding a 3% 𝑇𝑐 distribution in FePt yields FWHM of 55 K when 
subjected to a normal HAMR writing process. 
 
4.7 Summary 
To summarize this chapter, the thermal switching probability distribution of L10 FePt is 
fully investigated by using the renormalized method under different renormalized scales. 
Two important parameters, including FWHM and average write temperature, are obtained 
to represent each distribution. The recording grain volume dependence of SPD are found: 
1/𝑉 and 1/√𝑉 law. On the other hand, different noise effects on the SPD are investigated 
by defining a parameter called 𝜎𝑆𝑃𝐷 . It has been verified to have a relationship with 
transition noise during HAMR recording. 
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Chapter 5  
Composite Media with High Areal Density 
 
 
Heat Assisted Magnetic Recording (HAMR) is often considered to be the next-generation 
technology of the information storage industry. Unlike Perpendicular Magnetic Recording, 
HAMR recording media is not only recorded by a magnetic field but also assisted by heat. 
HAMR is greatly affected by the Curie temperature (Tc) distribution because writing 
occurs at temperatures near the Tc of FePt media. To increase the areal density capacity 
(ADC) of HAMR, noise mitigation is crucial. A HAMR composite media with a 
superparamagnetic writing layer is proposed. The recording process is initiated in the write 
layer that is magnetically softer than the long term storage layer. Upon cooling, the 
composite structure copies the information from the writing layer to the lower Curie 
temperature (Tc) storage layer, e.g. doped FePt. Advantages include insensitivity to Tc 
variance in the storage layer, and thus the opportunity to significantly lower the FePt Tc 
without the resulting Tc distribution adversely affecting performance. The composite 
structure has small jitter within 0.1 nm of the grain size limit owing to the sharp transition 
width of the optimized superparamagnetic writing layer. The user density of the composite 
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structure can reach 4.7  𝑇𝑏/𝑖𝑛2  for a Gaussian heat spot with Full-Width-At-Half-
Maximum of 30nm, 12 nm reader width, and optimized bit length of 6nm 
 
5.1 Previous Composite Media 
Different composite structures have been proposed to control the noise caused by the Tc 
variance. The idea is to utilize phenomena that can provide narrower transition width than 
that generated by typical Tc variance. For example, FeRh/FePt exchange coupled media 
benefits from a sharp FeRh phase transition. [61]  
 
 
Fig. 5.1 (a) Temperature dependence of saturation magnetization upon heating and cooling 
of Fe48Rh52 and Fe48Rh52Ir3. (b) Hc and Ms of composite FeRh/FePt composite media 
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This composite media utilizes the FeRh phase transition which is from ferromagnetic phase 
to antiferromagnetic phase during cooling process. Furthermore, the composite media can 
work at temperatures considerably lower than the Curie point of FePt. Lower write 
temperature usually indicates less effects from Curie temperature variance. 
 
 
Fig. 5.2 Composite grain with two magnetic layers, L1 and L2, sandwiching a very thin (a 
few monolayers) Cr layer. The HAMR writing process with this composite grain is shown 
in three steps. Arrows in the grains show the spin directions in the layers. Multiple arrows 
in the same layer indicate superparamagnetism. Red arrows by the grains are the head field 
directions. (Taken from [62]) 
 
It is a well-known phenomenon that bulk Cr has an AF ground state due to incommensurate 
spin-density-wave (SDW) magnetic ordering, with Neel temperature TN of 311K. The 
SDW effects is so strong that the magnetic correlations among Cr spins still exist over 
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several bcc unit cells. [63] This indicates that the state of coupling and non-coupling can 
be tuned by the thickness of Cr layer. The Neel temperature can also be tuned by doping 
Mn or V as shown by the reference [64]. Figure 5.2 shows that the FePt/Cr/X/FePt 
composite structures [62] make use of the sharp AFC (antiferromagnetic coupling) 
transition provided by the Cr layer. The details of the working process of this composite 
media can be found in reference [62]. 
A bilayer structure making use of high Tc material is shown by D. Suess. [65] It consists 
of a high 𝑇𝑐 Fe layer exchanged coupled to a FePt layer. The schematic view of this bilayer 
structure is shown by Figure 5.3. 
 
 
Fig. 5.3 (a) shows the bilayer structure with single domain (two thin layers with thickness 
less than the calculated domain wall thickness) (b) the bilayer exchange spring media with 
thickness which is larger than the exchange length (domain wall thickness). 
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This structure has been verified to benefits from lowering the average write temperature. 
Lower write temperature indicates less effects from thermal fluctuation and Curie 
temperature variance. Simulations showed these structures do yield smaller jitter compared 
to FePt media with varying Tc. [56][65] However, owing to intrinsic experimental 
variations during fabrication, none of these structures will likely have narrower transition 
width besides of the Fe/FePt composite media. However, Fe will have problem with 
demagnetization field and switching speed. 
 
5.2 A New Composite Media Design 
A design idea is to decouple the recording problem from the long-term storage issue. This 
idea relies on a composite structure that has a superparamagnetic writing layer and a 
(doped) FePt storage layer. The decoupling process requires the composite structure to later 
copy information (by exchange coupling) to the storage layer from the writing layer during 
the recording process. To avoid the effects of Tc variance in the FePt storage layer, the 
recording process must happen at a higher temperature than the writing temperature of the 
storage layer. To achieve the goal, the Curie temperature of the writing layer should be 
higher than that of the storage layer. [57][66] At the same time, the anisotropy of the writing 
layer should be substantially large and the magnetic moments of the write layer must 
exceed that of the storage layer until writing is completed. In addition, the temperature 
dependence for the magnetic properties of the writing layer should be optimized to provide 
a sharp transition width. Thermal switching probability distribution (SPD) has been 
investigated for FePt media. [57] The results in this paper will examine the potential of the 
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composite structure to provide a narrower transition width than that found in FePt media 
with typical Tc variance. 
Based on this design idea, a possible case was simulated with the renormalized method. 
The resulting knowledge of the volume dependency of SPD greatly aided the design of the 
composite structure because it allowed us to quickly narrow the scope of our 
micromagnetic search, particularly for variables such as layer thickness. [66] The SPD of 
the composite media exampale is shown in Figure 5.4. 
 
 
Fig. 5.4 Switching probability (P(T)) calculated for single writing layer, single storage 
layer and composite structure shown as the different color error-function-like curves. The 
corresponding thermal switching probability distribution (SPD) has the same color as the 
P(T). (Mean, FWHM) shows the switching temperature and FWHM for each case. The 
conceptual figure on bottom right shows the configuration of the composite structure. 
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Table 5.1 The FWHM and average write temperature under different cooling rate 
Cooling Rate (K/ns) FWHM (K) Switching Temperature (K) 
         100 45 738 
         200 64 720 
         250 75 714 
 
The FWHM of the single storage layer as shown by the blue curve is 65 K. Black curves 
show that the writing layer with 6 nm diameter grains (20% grain size distribution added) 
can yield a narrower FWHM of 40K. The configuration of the composite structure is shown 
in the bottom right. The thickness of superparamagnetic writing layer is 5 nm (𝑡𝑤 = 5 𝑛𝑚, 
w stands for “writing layer”). 𝑀𝑠,𝑤(350K) = 700 emu/𝑐𝑚
3 and 𝐾𝑢,𝑤(350𝐾) = 1.0 ×
107 𝑒𝑟𝑔/𝑐𝑚3. For FePt storage layer with 6 nm diameter grains, the parameters are 𝑡𝑠 =
6 𝑛𝑚 , 𝑀𝑠,𝑠(350K) = 920 emu/𝑐𝑚
3  and 𝐾𝑢,𝑠(350𝐾) = 4.3 × 10
7 𝑒𝑟𝑔/𝑐𝑚3  (s stands 
for “storage layer”). The storage layer has 20% grain size distribution and 3% Tc variance. 
We assume both layers have zero 𝐻𝑘  distribution. The exchange constant for FePt is 
𝐴𝑒𝑥,𝑠 = 1.23 × 10
−6 𝑒𝑟𝑔/𝑐𝑚 which yields a Curie temperature of 710 K. The exchange 
constant for writing layer is 𝐴𝑒𝑥,𝑤 = 1.42 × 10
−6 𝑒𝑟𝑔/𝑐𝑚  which yields a Curie 
temperature of 800K. The exchange between the storage layer and writing layer was 
calculated by the geometric mean of these two exchange constants: 𝐴𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 =
√𝐴𝑒𝑥𝑠 ∙ 𝐴𝑒𝑥𝑤. The applied field for the simulation is 8000 Oe. The cooling rate is 100 
K/ns. The red curves showed that the composite structure successfully copied information 
  79 
from the writing layer (similar SPD). The final FWHM of the composite structure turned 
out to be 44 K, which is narrower than 65 K of the conventional FePt HAMR media. 
Table 5.1 shows the SPDs of the composite structure calculated under different cooling 
rates 100 K/ns, 150K/ns and 250K/ns. The FWHM of the SPD varied linearly with cooling 
rate. Qualitatively, this is the same result as found in reference [56] for the storage layer 
alone, but the dependence is less severe. The conclusion is that larger cooling rate is 
detrimental to the superparamagnetic writing process. 
To sum up the basic principle of this new composite media design, Figure 5.5 is included. 
 
 
Fig. 5.5 The writing process of the composite media with superparamagnetic writing layer. 
The writing temperature is higher than the Curie temperature of FePt (about 710K). 
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T0 is the temperature at which the composite structure has zero switching probability. For 
temperatures between the writing temperature T0 and 800K, it is crucial that the 
relationship 𝑀𝑠𝑤 × 𝑡𝑤 > 𝑀𝑠𝑠 × 𝑡𝑠  be satisfied. This guarantees that the composite 
structure will have the same SPD as the writing layer. The substantial anisotropy of the 
writing layer allows this to occur above the pure FePt write temperature and thus remove 
the dependence on the Tc variation within the FePt layer.  It also significantly lessens the 
constraints on the writing layer magnetization and thickness. This contrasts with the use of 
a soft write layer, such as Fe, where the write temperature is very close to the FePt write 
temperature and its moment (magnetization multiplied by thickness) must be higher 
[65][67]. 
 
5.3 New Composite Media: Magnetic Property 
The design of the writing layer with substantially large anisotropy and high Curie 
temperature is one aspect that distinguishes the bilayer structure from the other bilayer 
structure designs with different Curie temperatures. [65] The other aspect is that the writing 
process explicitly uses superparamagnetic writing, which means writing with thermal 
fluctuations. The writing layer in the composite structure offers another direction of 
optimization to reduce the noise in the recording media, and reduces the demands on the 
FePt layer. These distinctive features potentially allow higher user areal density with lower 
write temperatures than previously demonstrated. 
To futher optimize the magnetic properties of the composite media, micromagnetic 
simulation based on the Landau-Lifshitz-Gilbert (LLG) equation is implemented. [43][47] 
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The renormalized cell size is1.5𝑛𝑚 × 1.5𝑛𝑚 × 1.5𝑛𝑚. The composite structure has two 
layers, e.g., a 3nm superparamagnetic writing layer and 6nm FePt storage layer. The Curie 
temperature of the writing layer is 900K. The Curie temperature of the FePt layer is 700K. 
The Tc variance within the composite structure distributes as 𝜎𝑇𝑐,𝑤𝑙 = 0% and 𝜎𝑇𝑐,𝑠𝑙 =
3% (“sl” stands for storage layer and “wl” stands for writing layer). Hk variance is assumed 
to be zero. The Gilbert damping constant of the composite structure is 0.02 at 
350K. 𝑀𝑠,𝑠𝑙(350𝐾) = 922.3 𝑒𝑚𝑢/𝑐𝑚
3, 𝐾𝑢,𝑠𝑙(350𝐾) = 4.11 × 10
7𝑒𝑟𝑔𝑠/𝑐𝑚3 and 
𝐴𝑒𝑥,𝑠𝑙(350𝐾) = 1.1 × 10
−6𝑒𝑟𝑔𝑠/𝑐𝑚. The magnetic profiles of the writing layer are given 
by equation (5.1), (5.2) and (5.3). 
 
𝑀𝑠,𝑤𝑙(
𝑇
𝑇𝑐,𝑤𝑙
)/𝑀𝑠,𝑠𝑙(
𝑇
𝑇𝑐,𝑠𝑙
) = 𝑀𝑠,𝑤𝑙(350𝐾)/𝑀𝑠,𝑠𝑙(350𝐾)                                                    (5.1) 
 
𝐾𝑢,𝑤𝑙(
𝑇
𝑇𝑐,𝑤𝑙
)/𝐾𝑢,𝑠𝑙(
𝑇
𝑇𝑐,𝑠𝑙
) = 𝐾𝑢,𝑤𝑙(350𝐾)/𝐾𝑢,𝑠𝑙(350𝐾)                                                   (5.2) 
 
𝐴𝑒𝑥,𝑤𝑙(
𝑇
𝑇𝑐,𝑤𝑙
)/𝐴𝑒𝑥,𝑠𝑙(
𝑇
𝑇𝑐,𝑠𝑙
) = 𝑇𝑐,𝑤𝑙/𝑇𝑐,𝑠𝑙                                                                           (5.3) 
 
The exchange coupling between these two layers is taken to be √𝐴𝑒𝑥,𝑤𝑙 ∙ 𝐴𝑒𝑥,𝑠𝑙. Different 
magnetic profiles of the writing layer are produced by various combinations of 
𝑀𝑠,𝑤𝑙(350𝐾) and 𝐾𝑢,𝑤𝑙(350𝐾). Therefore, by changing the magnetization and anisotropy 
of the writing layer, different writing temperatures (𝑇𝑤) and FWHMs are obtained from the 
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calculated SPD. [66] Results for average grain diameter of 5.6nm with 20% standard 
deviation of diameter are shown in Fig. 5.5. 
 
 
Fig. 5.6 Relationship between Tw of the composite structure and 𝑀𝑠,𝑤𝑙 for Tc,wl=900K, 
cooling rate 100 K/ns. 
 
The error bars represents the FWHM (𝑇𝑤 ± 𝐹𝑊𝐻𝑀/2). Based on the results shown in 
Figure 5.6, writing temperature of the composite structure decreases with increasing 
magnetization of the writing layer. The composite structure has higher writing temperature 
when the writing layer has larger anisotropy. The writing temperature is (at most) 710K 
when 𝑇𝑐,𝑤𝑙 = 900𝐾  and 𝐾𝑢,𝑤𝑙 = 1.0 × 10
7𝑒𝑟𝑔/𝑐𝑚3 . Therefore, 𝑇𝑝𝑒𝑎𝑘 = 850𝐾  is 
sufficiently high to ensure good recording. Protecting the a-C (amorphous carbon) overcoat 
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constrains the Tc choices of the writing layer. [68] The black lines are based on the SPD 
of the single FePt layer with 6nm thickness and 3% Tc variance. 
The solid line shows the writing temperature of the FePt layer is 655K. The FWHM of the 
FePt layer is 60K. The dashed lines represent 655K+FWHM/2 and 655K-FWHM/2. In Fig. 
5.5, the composite structure has narrower FWHM (small transition jitter) if the writing 
layer has higher anisotropy. [57][66] The FWHM of the composite structure decreases with 
increasing magnetization of the writing layer and becomes larger when Tw is lower than 
685K. These results contrast the use of a soft layer, such as Fe, where the anisotropy is zero 
and its moment (magnetization multiplied by thickness) must be higher. [65] Considering 
the anisotropy and FWHM, the optimized composite structure chosen has 6nm FePt storage 
layer and 3nm writing layer with 𝑀𝑠,𝑤𝑙 = 550 𝑒𝑚𝑢/𝑐𝑚
3, 𝐾𝑢,𝑤𝑙 = 7 × 10
6 𝑒𝑟𝑔/𝑐𝑚3 and 
𝑇𝑐,𝑤𝑙 = 900. Potential materials for the superparamagnetic writing layer include variations 
on conventional perpendicular media. The writing temperature of the chosen composite 
structure is 692K. The FWHM of it is 37K, which is 38% less than 60K of the FePt media. 
 
5.4 New Composite Media: Transition Jitter Performance 
Transition jitter of the functional composite media is calculated by implementing a 
previously developed Heat-Assisted-Magnetic-Recording simulation that uses CUDA/C 
based on NVIDIA graphics to accelerate the computation of the magnetic recording 
process. [43] The write head field is 8000 Oe. The angle between applied field and z 
direction is 22.5°. The thermal field delivered by the near field transducer on the media is 
modeled by a 2-D Gaussian distribution. [69][70] The FWHM of the thermal profile is 
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40nm in cross-track and down-track direction. The equivalent thermal gradient is about 
15K/nm. The bit length is 21 nm and the recording pattern is a single tone. The peak 
temperature (𝑇𝑝𝑒𝑎𝑘 ) of thermal field is 850K. The head velocity is 20 m/s. The 𝜎𝐻𝑘 
distribution and 𝜎𝑇𝑐 distribution are the same that were used in the SPD calculation. The 
transition jitter of the composite structure is calculated based on 200 zero crossings of the 
play back signal. The nonmagnetic grain boundary (Bnd) is assumed to be 1nm. The reader 
width WR=20 nm. The magnetic flying height is 6nm. The shield to shield distance is 
11nm. The noise from the reader is assumed to be zero. The results are shown in Fig. 5.6 
(a). The blue curve represents the jitter of the composite structure optimized by SPD 
calculation. For comparison, the transition jitter of 6nm FePt media and 9nm FePt media 
are also calculated. The dashed curve is the grain-size theoretical limit, [25] which follows 
equation (5.4). 
 
𝜎2𝑗𝑖𝑡𝑡𝑒𝑟,𝑡ℎ𝑒𝑜𝑟𝑦 =
1
𝑊𝑅/𝐷
∙
𝐷2
12
                                                                                              (5.4) 
 
In equation (5.4), D stands for the grain pitch, which is <D>+Bnd (<D>: grain diameter). 
The jitter of single FePt media shows that 3% Tc variance is detrimental to the recording 
process. For example, the gap between single FePt layers and theoretical value is 0.4-0.5 
nm. The blue curve shows that the jitter of the media is greatly reduced by introducing the 
superparamagnetic writing layer. The difference with theoretical limit is only 0.2nm. 
However, the jitter deviates from the expected value when the recording grain pitch is 
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smaller than 4.8nm. This is due to thermal fluctuations of the small grains causing DC 
noise. The DC noise can be mitigated by increasing the thickness of both layers. 
 
 
Fig. 5.7 (a) The relationship between transition jitter and grain pitch. The curves with 
different colors correspond to different structures. The black dashed line represents the 
grain size limited jitter values under different grain pitches (based on equation (4)). (b) 
Relationship between the calculated transition jitter and Tc variance in FePt layer. 
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At the same time, the ratio of the layer thickness remains unchanged (3nm/6nm=0.5). This 
ensures the relationship between magnetic moment of two layers is identical to that of 3nm-
6nm structure (3nm: writing layer, 6nm: FePt layer) during the recording process. Two 
composite structures with 4.5nm-9nm configuration and 6nm-12nm configuration are 
examined. With bigger total volume, these two composite media have even smaller jitter.8 
The 4.5nm-9nm one has only 0.1nm bigger jitter than theoretical value and it removes the 
DC noise existing in 3nm-6nm structure. The 6nm-12nm composite structure approaches 
the theoretical limit under all grain pitches used. The 4.5nm-9nm composite structure is 
taken to be the optimized media owing to its reasonable total thickness (13.5nm) and 
smaller jitter when grain pitch is 4.8nm. 
Using the Voronoi grains that have average diameter of 5.5nm and nonmagnetic grain 
boundary of 1.0nm, results for transition jitter under different Tc variance in the FePt layer 
are shown in Fig. 5.7 (b). The FePt traditional HAMR media has larger jitter (worse 
recording density) when 𝜎𝑇𝑐 is bigger. The transition jitter of the two composite structures 
are much smaller than that of single FePt media. The jitter is only 0.1nm~0.2nm bigger 
than theoretical limit. Furthermore, the transition jitter of the composite structures remains 
almost unchanged even under different Tc variance in FePt layer. This is due to the 
superparamagnetic writing process: the composite structure copies information from the 
writing layer, which make the whole system be impervious to the 𝜎𝑇𝑐 in FePt storage layer. 
Significant doping of FePt can be used to reduce FePt Curie temperature at the cost of 
reduced archival stability and, typically, increased Tc distribution. However, even reduced 
anisotropy will still be archival at grain sizes likely to be commercially accessible and our 
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proposed composite structure removes the jitter dependence on storage layer Tc 
distribution. The black solid curve in Fig. 5.7 (b) represents the composite media in which 
the Curie temperatures of both layers and the peak temperature are scaled down by 100K. 
The magnetic properties of the composite structure are scaled based on the temperature 
dependence for the anisotropy field of FePt with different Curie temperature (by doping 
Ni-content). [71] Here, the anisotropy is assumed to be proportional to the Curie 
temperature. When 𝑇𝑝𝑒𝑎𝑘 = 750𝐾, the structure still works well with even smaller jitter. 
In conclusion, besides being unaffected by 𝜎𝑇𝑐 in FePt layer, the composite structure can 
also decrease the writing temperature. Thus, two major HAMR media concerns are 
addressed. 
 
5.5 New Composite Media: User Density 
The proposed composite structure increases the storage capacity due to the decreased 
transition jitter. To achieve higher storage capacity, small grain pitch, e.g., recording grains 
with 3.8nm diameter and 1nm nonmagnetic grain boundary, should be used. The functional 
composite structure chosen is 4.5nm-9nm owing to the good jitter performance even using 
very small grains. The user density is defined as an evaluation parameter to optimize the 
whole HAMR system, including the recording media design, recording process and reader 
configuration. The recording parameters that affect the user density are FWHM of the heat 
profile and the recording bit length (BL). The Shannon Capacity (C)  is calculated based 
on bit error rate (BER). [72][73] The EBR (effective bit ratio) is defined by 𝐶/𝐵𝐿. User 
density (UD) can be defined as EBR/FWHM. [72] 
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Table 5.2 SNR, BER and EBR under Different BLs and FWHMs 
 
To calculate the bit error rate (BER), a pseudo random bit sequence (PRBS) is recorded. 
The noise from the reader is assumed to be zero. The SNR is calculated based on 𝑆𝑁𝑅 =
∫𝑉(𝑥)2̅̅ ̅̅ ̅̅ ̅̅ 𝑑𝑥/ ∫ 𝛿𝑉(𝑥)2̅̅ ̅̅ ̅̅ ̅̅ ̅𝑑𝑥. The V(x) stands for the play back signal voltage along down 
track direction. The BER is calculated using a 1-D MMSE (minimum mean square error) 
equalizer and improved Viterbi detector. [74][75] The target function 𝐺 =
[𝑔0, 𝑔1, … , 𝑔𝐿−1]
𝑇(𝑔0 = 1, 𝐿 = 3)  and the equalizer function 𝐹 =
[𝑓−𝐾, 𝑓−𝐾+1, … , 𝑓0, … , 𝑓𝐾]
𝑇  are determined by minimizing the difference between the 
equalized signal and the ideal signal. The total equalizer length is (2K+1)BL, which should 
remain constant (around 80nm) for different BL. The Viterbi detector and decoder are used 
to determine the states (“0” or “1”) of the signals. [76] The results of BER, SNR and EBR 
under different recording parameters are shown in Table 5.2. The reader width is taken to 
be ½ of the FWHM. Table 5.2 shows the composite structure can reach maximum user 
density when FWHM of heat profile is 30nm and recording bit length is 6nm. Based on 
EBR/FWHM, the maximum user density is 3.4 𝑇𝑏/𝑖𝑛2. 
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Table 5.3 User Density Under Different CTCD using 15nm Reader Width 
 
Fig. 5.8 Illustration of overlapping adjacent tracks to maximize the user density. The extent 
of squeezing is specified by the CTCD (center to center distance). The red spot represents 
the heat profile with 30nm FWHM. The head direction is along the down track. The 
recording patterns of central track are used for playing back. 
 
In order to continue to maximize the user density of the composite structure, the adjacent 
tracks are allowed to overlap each other. This idea is illustrated in Fig. 5.8. The FWHM of 
the heat profile and the recording bit length are set to be the optimal case in Table 5.2. The 
three tracks use the same heat profile, but different pseudo random bit sequence, to mimic 
recording on adjacent tracks. The CTCD stands for center to center distance of two adjacent 
tracks. The smaller CTCD means larger overlap of two adjacent tracks. Using different 
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CTCD values, SNR, BER, and effective bit ratio (EBR) are calculated in order to find the 
optimal CTCD that maximizes the user density. The results for reader width of 15nm are 
shown in Table 5.3. To calculate the user density, the FWHM should be changed to CTCD. 
The overlap of two adjacent tracks can be as large as 9nm for the composite structure before 
the user density starts to decrease. 
 
 
Fig. 5.9 The effective bit ratio (C/BL, dashed) and user density (solid) under different 
CTCD. Different colored curves corresponds to three different reader widths (WR). 
 
To optimize the reader configuration under different CTCD, the effective bit ratio and user 
density are calculated as Table 5.3 under different reader width, including 12nm, 15nm and 
20nm. The results are shown in Fig. 5.9. The dashed lines show the results for effective bit 
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ratio. The abrupt decrease of all three dashed curves when CTCD is smaller than 21nm is 
due to the recording patterns of the central track being distorted by the adjacent tracks as 
shown in Fig. 5.10. 
 
 
Fig. 5.10 Recording patterns of central track under no overlap (top one) and CTCD=18nm 
(bottom one). These two cases use the same PRBS pattern for central track. Regions 
enclosed by red rectangles illustrate the distortion of the patterns on the central track. 
 
This also results in decreased user density. The solid lines show the results of user density. 
It continues to increase with decreasing CTCD due to almost unchanged effective bit ratio, 
when CTCD is bigger than 21nm. Both the user density and effective bit ratio show that 
the results saturate when the reader width continue to decrease. For example, the results 
under reader width of 15nm and 12 nm are almost the same. The maximum user density 
can reach 4.7 𝑇𝑏/𝑖𝑛2. Thus, using this technique, the user density can be increased by 40% 
without making any changes to the original HAMR recording head configuration. 
In conclusion, a composite structure with a 4.5nm superparamagnetic writing layer and a 
9nm FePt storage layer is proposed. The transition jitter of the proposed composite 
structure approaches the grain-size theoretical limit and is impervious to the Tc variance in 
  92 
FePt layer. A reduced writing temperature is demonstrated. Under 30nm FWHM of heat 
profile, 6nm bit length, 21nm CTCD, and 12nm reader width, the user density of the 
proposed composite structure can reach 4.7 𝑇𝑏/𝑖𝑛2. 
 
5.6 New Composite Media: Interlayer Exchange Coupling 
Micromagnetic simulation is used to calculate the temperature derivative of the switching 
field 𝑑𝐻𝑠𝑤/𝑑𝑇 for a composite media with a superparamagnetic writing layer. The results 
show that 𝑑𝐻𝑠𝑤/𝑑𝑇 is reduced for a defined probability of switching, and switching field 
line width remains almost unchanged. An analytical two-spin model is established to relate 
exchange coupling between the two layers 𝐽𝑒𝑥  to energy barrier and the switching 
probability distribution (SPD). Both the analytical model and micro-magnetic simulation 
show that the full-width half-maximum 𝐹𝑊𝐻𝑀 ∝ (𝐽𝑒𝑥)
−0.5  and writing temperature 
𝑇𝑠𝑤 ∝ (𝐽𝑒𝑥)
−1 . It is also found that the writing layer leads the storage layer during 
switching. 
Both the switching field gradient 𝑑𝐻𝑠𝑤/𝑑𝑇 and switching field line width 𝜎𝐻𝑠𝑤 can affect 
the transition noise. [77] To enable comparison with FePt and Fe/FePt composite media, 
these two parameters were evaluated using a renormalization approach. [43] The 
renormalized cell size is 1.5𝑛𝑚 × 1.5𝑛𝑚 × 1.5𝑛𝑚 . The micro-magnetic simulation is 
based on the Landau-Lifshitz-Gilbert (LLG) equation. The thicknesses of the layers are 
(𝑡𝑤 = 4.5𝑛𝑚 , 𝑡𝑠 = 9.0𝑛𝑚)  or (𝑡𝑤 = 3.0𝑛𝑚 , 𝑡𝑠 = 6.0𝑛𝑚)  where “w” stands for the 
writing layer and “s” stands for the storage layer. 𝑀𝑠𝑤(350𝐾) = 550𝑒𝑚𝑢/𝑐𝑚
3 , 
𝑀𝑠𝑠(350𝐾) = 922 𝑒𝑚𝑢/𝑐𝑚
3 , 𝐾𝑢𝑤(350𝐾) = 7.0 × 10
6𝑒𝑟𝑔/𝑐𝑚3  and 𝐾𝑢𝑠 = 4.11 ×
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107𝑒𝑟𝑔/𝑐𝑚3. The Curie temperature of writing and storage layer are 900K and 700K. We 
use the same scaling approach as described in reference [58]. The exchange coupling 
between these two layers is 𝐴𝑜 = √𝐴𝑒𝑥𝑠(𝑇) ∙ 𝐴𝑒𝑥𝑤(𝑇). 
 
 
Fig. 5.11 𝑑𝐻𝑠𝑤/𝑑𝑇  for single FePt layer, 3nm-6nm composite media and 4.5nm-9nm 
composite media. 
 
The thermal switching probability (P) is calculated using the same single grain approach 
(𝜎𝑇𝑐 = 0) as references [57] and [66]. The composite media is first heated to a peak 
temperature (𝑇𝑝𝑒𝑎𝑘 = 850𝐾). Then a linear cooling (CR=100K/ns) is applied to the system 
to reach room temperature. At the specific temperature 𝑇𝑟𝑒𝑣, the applied field reverses its 
direction. The process is repeated 100 times to get the switching probability P for each 𝑇𝑟𝑒𝑣 
and applied magnetic field 𝐻𝑎𝑝𝑝𝑙. We can get a contour plot based on 𝐻𝑎𝑝𝑝𝑙, 𝑇𝑟𝑒𝑣 and P 
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(Fig. 5.10). The 𝑑𝐻𝑠𝑤/𝑑𝑇 is calculated as the slope of two points in the contour plot where 
the switching probability is 50%. The 𝑑𝐻𝑠𝑤/𝑑𝑇  of both composite media are about 
120 𝑂𝑒/𝐾, which is 5 times larger than that of Fe/FePt. [65] The single layer FePt with 
9nm thickness has larger 𝑑𝐻𝑠𝑤/𝑑𝑇 but almost equal distance between the 10
th and 90th 
switching percentiles which means similar 𝜎𝐻𝑠𝑤  for a collection of grains with no Tc 
dispersion. [78] 
 
5.6.1 Analytical Model for Interlayer Exchange Coupling Effects 
A quick estimate of transition noise (jitter) in Heat Assisted Magnetic Recording (HAMR) 
is FWHM (full-width half-maximum) of thermal switching probability distribution (SPD). 
[58][66] To set up an analytical model of SPD, the energy barrier calculation is critical. 
[66] Several different approaches have been used to calculate the energy barrier in 
composite media for perpendicular magnetic recording (PMR). [79][80][81][82] To 
investigate the exchange coupling effects on HAMR composite media, the energy barrier 
is calculated with a two-spin model that is similar to that for PMR. [82]  
In the proposed two-spin model, each grain is represented by a single spin. Both the writing 
grain and storage grain have perpendicular easy axis. Therefore, the total energy 𝐸𝑑 of the 
composite grain with a uniform applied external field H is shown as equation (5.5). 
 
𝐸𝑑(𝑇) = −𝐽𝑒𝑥(𝑇) ∙ cos(𝜃𝑠 − 𝜃𝑤) + 𝐾𝑠(𝑇)𝑠𝑖𝑛
2(𝜃𝑠) ∙ 𝑉𝑠 + 𝐾𝑤(𝑇)𝑠𝑖𝑛
2(𝜃𝑤) ∙ 𝑉𝑤 + 𝑀𝑠(𝑇) ∙
𝐻 ∙ 𝑐𝑜𝑠𝜃𝑠 ∙ 𝑉𝑠 + 𝑀𝑤(𝑇) ∙ 𝐻 ∙ 𝑐𝑜𝑠𝜃𝑤 ∙ 𝑉𝑤                                                                         (5.5) 
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Fig. 5.12 Relationship between energy barrier ∆𝐸 and temperature for both switching (sw) 
and unswitching (unsw) for various Jex/Jo from 0.2 to 1.0. Different color corresponds to 
different exchange coupling constant. 
 
Here, 𝑉 is the total volume (𝑉𝑠 + 𝑉𝑤). The ratio of layers thicknesses remains as 𝑡𝑠/𝑡𝑤 =
2. 𝜃𝑠(𝜃𝑤) are the angles between 𝑀𝑠(𝑀𝑤) and H. The magnetic properties of the storage 
layer (FePt) are taken from our previous single layer analytical model. [66] 𝑀𝑠(𝑇) =
136 × (710 − 𝑇)0.33𝑒𝑚𝑢/𝑐𝑚3  and 𝐾𝑠(𝑇) = 1.0 × 10
5 × (710 − 𝑇) 𝑒𝑟𝑔/𝑐𝑚3 . We use 
the same scaling model in reference [58] to get the magnetic properties of writing layer. 
Our reference exchange coupling is 𝐽𝑜(350𝐾)/𝑉 = 9.0 × 10
6 𝑒𝑟𝑔/𝑐𝑚3. 
The variation of magnetic properties under different temperature makes the energy barrier 
calculation more complex. By changing 𝜃𝑤 and 𝜃𝑠 from 0 to 𝜋, different energy contour 
plots at temperature T can be found by using different Jex in equation (5.5). [82] For each 
contour plot, there are one energy maximum (𝐸𝑚𝑎𝑥) and two different energy minima 
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(𝐸𝑚𝑖𝑛1, 𝐸𝑚𝑖𝑛2). ∆𝐸𝑠𝑤 = 𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛1 is the energy barrier if the magnetization needs to 
be switched to align with the applied field. [83] ∆𝐸𝑢𝑛𝑠𝑤 = 𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛2 is the energy 
barrier if the magnetization opposes the applied field. This is repeated at different 
temperatures to get Fig. 5.12. 
Fig. 5.12 shows that, if the temperature is higher than 500K, these two energy barriers 
∆𝐸𝑠𝑤,𝑢𝑛𝑠𝑤 have linear dependence on the temperature with different exchange coupling 
𝐽𝑒𝑥/𝐽𝑜. Therefore, we obtained equation (5.6) and (5.7) by linearly fitting the data in Fig. 
5.11. Temperature (T) and cooling time (t) are related by 𝑇 = 𝑇𝑝𝑒𝑎𝑘 − 𝐶𝑅 ∙ 𝑡. 
 
∆𝐸𝑠𝑤 = (𝑎𝑠𝑤𝑇 + 𝑐𝑠𝑤) ∙ 𝑉 = 𝑘𝑠𝑤𝑡 + 𝑏𝑠𝑤                                                                       (5.6) 
 
∆𝐸𝑢𝑛𝑠𝑤 = (𝑎𝑢𝑛𝑠𝑤𝑇 + 𝑐𝑢𝑛𝑠𝑤) ∙ 𝑉 = 𝑘𝑢𝑛𝑠𝑤𝑡 + 𝑏𝑢𝑛𝑠𝑤                                                      (5.7) 
 
Here, 𝑎𝑠𝑤,𝑢𝑛𝑠𝑤 and 𝑐𝑠𝑤,𝑢𝑛𝑠𝑤 are fitting parameters taken from Fig. 5.11, and 𝑘𝑠𝑤,𝑢𝑛𝑠𝑤 =
−𝑎𝑠𝑤,𝑢𝑛𝑠𝑤 ∙ 𝐶𝑅 ∙ 𝑉 , and 𝑏𝑠𝑤,𝑢𝑛𝑠𝑤 = (𝑎𝑠𝑤,𝑢𝑛𝑠𝑤 ∙ 𝑇𝑝𝑒𝑎𝑘 + 𝑐𝑠𝑤,𝑢𝑛𝑠𝑤) ∙ 𝑉 . The total volume 
V, peak temperature 𝑇𝑝𝑒𝑎𝑘 and cooling rate CR remain constant. 
When the magnetic field is switched at a particular time t, the probability of each switch 
becomes 𝑃𝑠𝑤 = 𝑒
−(𝑘𝑠𝑤𝑡+𝑏𝑠𝑤)/𝑘𝐵𝑇 and 𝑃𝑢𝑛𝑠𝑤 = 𝑒
−(𝑘𝑢𝑛𝑠𝑤𝑡+𝑏𝑢𝑛𝑠𝑤)/𝑘𝐵𝑇. The probability P of 
field alignment evolves with time as  
 
𝑑𝑃/𝑑𝑡 = 𝐴 ∙ 𝑃𝑠𝑤 ∙ (1 − 𝑃) − 𝐴 ∙ 𝑃𝑢𝑛𝑠𝑤 ∙ 𝑃                                                                    (5.8) 
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Where A is the attempt frequency (𝐴~1 × 1010 𝐻𝑧). 
 
 
Fig. 5.13 Relationship shows linear dependence of 𝐶𝑠𝑤 and 𝐶𝑢𝑛𝑠𝑤 on exchange coupling 
strength 𝐽𝑒𝑥/𝐽𝑜. 
 
Based on Fig 5.12, 𝑏𝑠𝑤 < 𝑏𝑢𝑛𝑠𝑤 . The plots show that 𝑃𝑠𝑤 ≫ 𝑃𝑢𝑛𝑠𝑤  can be satisfied for 
different Jex/Jo. Therefore, the first derivative of (5.8) can be written as 
 
𝑑2𝑃/𝑑𝑡2 = (−𝑑𝑃/𝑑𝑡) ∙ 𝑓(𝑡)                                                                                        (5.9) 
 
𝑓(𝑡) = 102𝑒
−
𝑘𝑠𝑤𝑡+𝑏𝑠𝑤
𝑘𝐵(𝑇𝑝𝑒𝑎𝑘−𝐶𝑅∙𝑡) + 10 [
𝑘𝑠𝑤∙𝑇𝑝𝑒𝑎𝑘+𝑏𝑠𝑤∙𝐶𝑅
𝑘𝐵(𝑇𝑝𝑒𝑎𝑘−𝐶𝑅∙𝑡)2
]GHz                                              (5.10) 
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By using equations which relate 𝑘𝑠𝑤 (𝑏𝑠𝑤) to 𝑎𝑠𝑤(𝑐𝑠𝑤), numerical experimentation under 
different 𝑘𝑠𝑤 and 𝑏𝑠𝑤 (different Jex/Jo) shows that 𝑓(𝑡) can be written as: 
 
𝑓(𝑡) = 𝑐𝑠𝑤(𝐽𝑒𝑥/𝐽𝑜) ∙ 𝑙(𝑡)                                                                                              (5.11) 
 
Fig. 5.13 shows 𝑐𝑠𝑤 ∝ 𝐽𝑒𝑥/𝐽𝑜 and is independent of time. Numerical results also show that 
𝑙(𝑡) is an identical linear function which is independent of 𝑘𝑠𝑤, 𝑏𝑠𝑤 and 𝐽𝑒𝑥. To get another 
expression of 𝑑2𝑃/𝑑𝑡2 instead of equation (5.9), previous experience shows P(t) can be 
taken as an error function. Therefore, 𝑑𝑃/𝑑𝑡  is the SPD and follows the Gaussian 
distribution:  
 
𝑑𝑃/𝑑𝑡 = 𝑚 ∙ exp (−𝑛 ∙ (𝑡 − 𝑚𝑒𝑎𝑛)2)                                                                       (5.12) 
 
Here m and n are constant parameters. The “mean” stands for mean value of cooling time. 
The first derivative of equation (5.12) is shown as 
 
𝑑2𝑃/𝑑𝑡2 = 2𝑛 ∙ (𝑡 − 𝑚𝑒𝑎𝑛) ∙ (−𝑑𝑃/𝑑𝑡)                                                                  (5.13) 
 
Thus, we have two different expressions of 𝑑2𝑃/𝑑𝑡2 shown as equation (5.9) and (5.13). 
By equating the right parts of (5.9) and (5.13), we can relate “n” or “mean” to Jex/Jo by 
using equation (5.11). 𝐹𝑊𝐻𝑀 = 2.35482/√2𝑛 based on Gaussian distribution and the 
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writing temperature is defined as 𝑇𝑠𝑤 = 𝑇𝑝𝑒𝑎𝑘 − 𝐶𝑅 ∙ 𝑚𝑒𝑎𝑛. In the end, FWHM and 𝑇𝑠𝑤 
can be written as functions of Jex/Jo shown as equation (5.14) and (5.15). 
 
𝐹𝑊𝐻𝑀 ≈ 7.9 + 10.6/√(𝐽𝑒𝑥/𝐽𝑜)                                                                               (5.14) 
  
𝑇𝑠𝑤 ≈ 698 − 17.8/(𝐽𝑒𝑥/𝐽𝑜)                                                                                      (5.15) 
 
5.6.2 Simulation Results of Interlayer Exchange Coupling Effects 
To verify the analytical results, a micro-magnetic simulation is applied to the composite 
media. All the parameters are the same as the 𝑑𝐻𝑘/𝑑𝑇 calculation. The applied magnetic 
field is 8000 Oe. With different exchange coupling, we can get the FWHM and 𝑇𝑠𝑤 from 
the corresponding SPD of HAMR composite media by using the same method in reference 
[84]. The results are shown as the black points in Fig. 5.13. The simulated value matches 
the functions developed by the analytical model well. Both of them tell us that larger 
exchange coupling gives narrower FWHM. However, higher writing temperature will 
induce more noise caused by Tc variance. Therefore, to reduce the transition noise, 
exchange coupling should be optimized to balance the FWHM and writing temperature. If 
we continuously increase the exchange coupling, the effects from it tends to saturate 
according to the analytical functions shown in Fig. 5.13. The results of the analytical model 
are shown as red curves in Fig. 5.13 (a) and 5.13 (b). 
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Fig. 5.14 (a) shows the relationship between FWHM and exchange coupling strength. (b) 
shows the relationship between 𝑇𝑠𝑤  and exchange coupling strength. The thickness of 
single FePt layer is 9.0nm. 
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We also investigated the detailed switching process of both layers during micro-magnetic 
simulation. One example is shown in Fig. 5.14. 𝑀𝑧 is the angle between magnetic moment 
and easy axis. 〈𝑀〉 is calculated by √〈𝑀𝑥〉2 + 〈𝑀𝑦〉2 + 〈𝑀𝑧〉2. The evolution of 𝜃𝑧  with 
time shows that the writing layer leads the storage layer during switching. Fig. 5.15(b) 
reveals a very brief (0.05ns) dip in the magnetization of the storage layer near 650K. This 
precedes the actual switch that occurs at full magnetization and appears to be coherent. 
This interesting effects needs further investigation. 
 
 
Fig. 5.15 The switching process of magnetic moment (𝜃: angle between magnetic moment 
and easy axis). 𝑇𝑟𝑒𝑣 = 660𝐾. 
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5.7 Summary 
A composite media design with a superparamagnetic write layer and L10 FePt storage layer 
is proposed to mitigate the noise. The simulation results show that this structure can greatly 
decrease the transition noise and be insensitive to the Curie temperature variance in the 
L10 FePt storage layer. The areal density can reach as high as 4.7 Tb/in2 for a Gaussian 
heat spot with a full-width-at-half-maximum of 30 nm, a 12 nm reader width, and an 
optimized bit length of 6 nm [1]. Further investigation also finds that the interlayer 
exchange coupling plays an important role in tuning the average write temperature and 
effects from thermal fluctuation. 
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